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In Southeast Asia region, soft soils such as marine clay and peaty soil can be easily 
found. These soft foundation soils are compressible and therefore result in large 
consolidation settlement. As a result, soil subsidence is a major problem for road or 
rail road embankment constructed over soft foundation soil. This may lead to 
embankment failure, or sometimes restricting the height of the embankment, or 
limiting the rate of construction. In addition, especially in Malaysia, these soft soils 
may be underlain by limestone formation. The limestone dissolution by acidic water 
will cause the occurrence of subsurface cavity that lead to the formation of sinkholes in 
the fill material of these embankments. The use of geosynthetic reinforced piled 
embankment (GRPE) system has gained popularity recently to overcome the problems 
arising from the construction of embankment over soft foundation soil.  
The objective of this research is to focus on the clarification of the key mechanisms 
and the development of suitable design methodology, in designing a cost-effective 
geosynthetic reinforced piled embankment (GRPE) system. This research encompasses 
two main goals. The first goal is to study some possible mechanisms of GRPE system. 
This will lead to the formulation of the design philosophy and design consideration. To 
achieve this goal, large-scale physical model tests and centrifuge model tests were 
carried out to study some key mechanisms of GRPE subjected to soil subsidence. The 
second goal is to translate this knowledge to useful design charts for engineers to select 
the geosynthetic based on the suitable design parameters. To achieve this goal, semi-
analytical model was developed by incorporating the load transfer mechanisms of 
GRPE system that were identified earlier into the equilibrium equation. In addition, a 
mathematical model that coupled the catenary deformation profile and load-extension 
characteristics of the geosynthetic was also developed.  
Summary 
 viii
Some of the key components related to the mechanisms of GRPE system have been 
investigated from the large-scale physical model tests and centrifuge model tests. The 
results show that the stability of piled embankment with large piles spacing or/and 
small pile caps can be improved with the use of geosynthetic reinforcement. In 
addition, the results of vertical soil stresses show that the compressibility of subsoil 
and the embankment fill height have significant effect on the development of soil 
arching in embankment fill. The results also indicate that the orientation of main 
reinforcement direction with respect to the arrangement of piles has certain effect on 
the geosynthetic strain and maximum deflection of geosynthetic.  
Other components related to the mechanisms of GRPE system being investigated 
include: the surface settlement of embankment, the effect of additional surface static 
load, the effect of fill material, the effect of thin separation sand layer between two 
geosynthetic layers, the effect of the stiffness of geosynthetic as well as the effect of 
pile design. These findings were then incorporated into the development of the semi-
analytical model.  
A two-part semi-analytical model is developed for the design of GRPE system. The 
predictions of vertical stress acting on geosynthetic reinforcement sheet, using the 
newly developed semi-analytical model, show reasonable agreement with the 
measured vertical soil stresses from large-scale model physical tests. In addition, the 
comparison shows that the vertical displacement of geosynthetic reinforcement at the 
centre of 4 piles as well as the tension in geosynthetic reinforcement can be predicted 
reasonably well using this semi-analytical model. 
 A full-scale field test was carried out in conjunction with the development of a 
new major expressway in Singapore. The aims are to study the actual field behaviour 
of GRPE system, and to allow the validation and confirmation of the proposed design 
Summary 
 ix
concept of GRPE. Extensive instrumentation was planned and successfully installed at 
two sections to monitor both short term and long term performance of the first GRPE 
system for a major expressway in Singapore. The two instrumentation sections, i.e. 
Section A and Section B, were located approximately 13.5m and 26m away from the 
right edge of RC slab respectively. Till now (1 year after the embankment 
construction), the instruments have been performing very well and yielded reliable 
data for the evaluation of the performance of this GRPE system. The results of the 
strain gauges show the proper function of geosynthetic reinforcement. The settlement 
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In Southeast Asia region, soft soils such as marine clay and peaty soil can be easily 
found. These soft soils are compressible and therefore result in large consolidation 
settlement. Therefore, soil subsidence is a major problem for road or rail road 
embankment constructed over soft foundation soils. This may lead to embankment 
failure, or sometimes restrict the geometry of the embankment, or limit the rate of 
construction. In addition, especially in Malaysia, these soft soils may be underlain by 
limestone formation. The limestone dissolution by acidic water will cause the 
occurrence of subsurface cavity that lead to the formation of sinkholes in the fill 
material of these embankments. As a result, the vehicles running on this embankment 
are thus subjected to the risk of sudden potholes due to sinkhole formation. One of the 
effective solutions to this problem is the use of geosynthetic reinforced piled 
embankment system. This thesis will discuss the mechanisms of this geosynthetic 
reinforced piled embankment system. Large-scale physical modelling, centrifuge 
modelling, numerical modelling as well as simple closed form solution of this system 
will be presented. 
 
1.1  Overview of Embankment Constructed Over Soft Foundation Soil 
 
It is becoming increasingly necessary to construct road or rail embankment on land 
that was previously considered unsuitable, such as swampy area with soft foundation 
soils that will fail due to bearing failure. When embankment is constructed over soft 
foundation soils, large amount of settlement will take place over a long period of time, 
Chapter 1: Introduction 
 2
depending on the drainage path and consolidation properties of soils. This will lead to 
the occurrence of surface settlement on embankment over time, which will be long 
after the end of construction. Embankment constructed over soft soils often connects to 
structures such as bridges. In this case, the differential settlement between the 
embankment and the bridge abutment, which is commonly supported by piles, will 
cause failure to the abutment. This will increase the cost of maintenance of the road or 
rail. In addition, the presence of this kind of weak foundation will restrict the geometry 
of the embankment due to its stability requirement. The presence of thick layer of soft 
soil also limits the rate of construction, such that the soft soil will have sufficient time 
to gain strength before further embankment fill is added on top. Therefore, a method 
that can increase the effective shear strength of the soft foundation soils as well as 
minimize the consolidation settlement is needed to overcome the problems generated 
from the construction of embankment over soft foundation soils. The subsequent 
section will discuss some available ground improvement methods, as well as their 
limitations. 
 
1.2 Ground Improvement Methods for Embankment Constructed Over Soft 
Foundation Soil  
 
 
A number of methods are available in order to overcome the problems generated 
from the construction of embankment over soft foundation soils. They include 
dynamic compaction, vertical drainage, grouting, soil replacement and piling (Jones et 
al., 1990). Those methods can increase the effective shear strength of the soft 
foundation soils and limit settlement. However, dynamic compaction requires a large 
work space and will cause vibration to the nearby structures. On the other hand, 
vertical drain requires surcharge or vacuum and generally needs a few months to 
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consolidate the soft soils. Grouting and piling are comparatively expensive and may 
not be cost-effective for the whole length of embankment. Soil replacement method 
requires good quality soil to be brought to the site and may not be cost-effective if the 
soft soil layer is very thick.  
In general, cost, duration of construction and availability of fill or replacement 
materials are the three main factors when selecting a method to be adopted for the 
construction of embankment over soft foundation soils. In Southeast Asia, pile 
foundation is one of the commonly methods being used in supporting the embankment 
over soft soils. The embankment supported by piles is designated as “piled 
embankment”. In this application, the terminology “pile” includes traditional piles 
(steel, concrete, timber piles) and soil improvement columnar systems (vibro-
compacted granular columns, jet grout columns, soil-cement mixing columns or stone 
columns, etc.).  
When using piled embankment system, it is assumed that the major portion of the 
embankment loading will be transferred through the piles by soil arching down to the 
firm stratum (Hewlett and Randolph, 1988; Jones et al., 1990; Low et al., 1994). 
Consequently, there is no or very small amount of direct loading acting on the soft 
foundation soils. Hence, there is no settlement problem. However, in this case, the 
piles are to be placed closely or/and large pile caps are needed to ensure the 
effectiveness of soil arching. In the use of pile embankment system at bridge abutment, 
the piles that are located near the bridge structure are designed to be end-bearing and 
expected to settle very minimal, as the full weight of the embankment will be 
transmitted to the hard stratum. On the other hand, the piles further away from the 
bridge are designed as friction piles and will settle more. Therefore, the system offers a 
gradual transition from bridge deck to the embankment further away. 
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The next section will discuss the incorporation of geosynthetic as basal 
reinforcement onto the piled embankment system. The load transfer mechanism, soil 
arching mechanism and advantages of this method compared to the conventional piled 
embankment method will be elaborated. 
 
1.3  Geosynthetic Reinforced Piled Embankment (GRPE) System 
 
A recent development of the piled embankment method is to incorporate 
geosynthetic sheet as basal reinforcement. The use of basal reinforcement can increase 
the stability of the whole system (Jones et al., 1990), but may or may not have 
significant further improvement in settlement as compared to conventional piled 
embankment. In addition, the use of geosynthetic as basal reinforcement can also 
support the fill above it even when subsurface cavity occurred. Thus, this helps to 
minimize the surface deformation of embankment to a permissible value for traffic 
(Gourc et al., 1999). Therefore, this GRPE system can be used to overcome or 
minimize the problems related to embankment constructed over soft soils or soft soil 
underlain by limestone formation.  
Han and Akins (2002) identified soil arching, membrane effect and stress 
concentration as three key load transfer mechanisms in GRPE system. In GRPE 
system, soil arching develops above the geosynthetic reinforcement when differential 
settlement occurs between soil directly above pile caps and soil in-between pile caps 
(Han and Akins, 2002). Terzaghi (1943) defined arching effect as the transfer of 
pressure from a yielding mass of soil onto adjacent non-yielding parts. The presence of 
soil arching reduces the vertical stress exerted on the geosynthetic that spans between 
pile caps. As a result, soft foundation soils only carry a small portion of the load, as 
most of the embankment loads will be transferred to the piles. The ratio of stress 
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carried by the pile to that acting on the soft soil is called “stress concentration ratio” on 
the piles (Han and Waynes, 2000). In GRPE system, the portion of loads acting onto 
the soft soil is now exerted onto a flexible tensioned membrane, which in turn will 
eventually transfer to the piles as the membrane is spanned between piles. Therefore, 
the inclusion of geosynthetic can enhance the stress concentration ratio. 
However, the development of soil arching in the fill of piled embankment system is 
complicated. There are significant researches have been carried out to estimate the soil 
arching magnitude due to either lowering of trap door (Terzaghi, 1936) or cavity 
formation (Hewlett & Randolph, 1988). The soil arching coefficient also can be 
calculated from Marston’s formula for positive projecting subsurface conduits. 
However, these studies did not include basal reinforcement. The inclusion of 
geosynthetic as basal reinforcement may make the soil arching mechanism even more 
complicated. This is because the soil arching effect may be developed during the 
construction stage as geosynthetic reinforcement deforms due to embankment loading 
in this stage. In addition, the interaction between the deformation of geosynthetic 
reinforcement and the fill material in the “arched region” may cause further 
complication in the soil arching mechanism. Although BS8006 (1995) has attempted to 
include the basal reinforcement in piled embankment design, the soil arching 
coefficient is still obtained from Marston’s formula, which may not be suitable for the 
formation of soil arching when geosynthetic basal reinforcement is present. Till today, 
there is no clear information available on the development of soil arching effect with 
the inclusion of geosynthetic, particularly during the occurrence of soil subsidence. 
Therefore, further research has to be conducted to study the development of soil 
arching effect in the embankment fill with the presence of geosynthetic, as well as to 
predict the vertical stress exerted on geosynthetic reinforcement. 
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While the mechanisms of GRPE system have not been fully understood, there have 
already a number of case studies on the successful use of geosynthetic as basal 
reinforcement in piled embankment projects. For instance, Jones et al. (1990) reported 
that the presence of geosynthetic as basal reinforcement permits the spacing of piles to 
be increased and the size of pile caps to be reduced. In addition, the geosynthetic 
reinforcement can counteract the horizontal thrust generated from the embankment fill, 
hence the need for raking piles at the bridge abutment can be eliminated and produce a 
more cost-effective design. Reid et al. (1984) reported the use of this system in their 
motorway construction and showed significant time saving and cost effectiveness.  
A cost comparison has been conducted to evaluate the cost saving when using 
GRPE system compared to conventional piled embankment system without 
geosynthetic. Three design approaches were used for this evaluation: (1) GRPE 
system, (2) convention piled embankment system with small pile cap and closed pile 
spacing, and (3) convention piled embankment system with large pile cap. The fixed 
parameters for this cost comparison are: (a) the total area of site (i.e. 100mx100m) and 
(b) the embankment fill height (i.e. 2m). In this evaluation, the design of conventional 
piled embankment without geosynthetic is based on the design chart from Swedish 
Road Board (1974) (after Broms, 1979). On the other hand, the design of GRPE is 
based on BS8006 (1995). The unit cost was obtained from a local piling contractor 
based on current average market price. The detailed calculation is tabulated in 
Appendix A. This cost comparison shows that the use of GRPE system will result in 
cost saving of 51% and 27% compared to using design approach (2) and design 
approach (3) respectively. This demonstrates the significant cost effectiveness when 
using GRPE system. 
Some of the key components of the mechanisms of the GRPE subjected to soil 
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subsidence will be studied in this research. They are: (1) the effect of fill height on 
surface settlement of a basal reinforced piled embankment, (2) the effect of 
geosynthetic’s stiffness on the formation of soil arching and surface settlement, (3) the 
strain distribution in geosynthetic reinforcement sheet, (4) the effect of the orientation 
of main reinforcement direction on the performance of GRPE, (5) the effect of 
separation sand layer between cross-laid geosynthetic sheets, and (6) the effect of the 
pile design on the performance of GRPE. The next section will discuss the two main 
goals of this research and the ways to achieve these goals. 
 
1.4 Scope and Objectives of Research 
 
The objective of this research is to focus on the clarification of the key mechanisms 
and the development of suitable design methodology, in designing a cost-effective 
geosynthetic reinforced piled embankment (GRPE) system. This research encompasses 
two main goals. The first goal of this research is to study some possible mechanisms of 
GRPE system. This will lead to the formulation of the design philosophy and design 
consideration. One of the critical parameters needed in the design of GRPE system is 
the amount of vertical stress carried by the geosynthetic reinforcement with the 
formation of soil arching in the embankment fill. In this aspect, this research aims to 
study the development of soil arching effect in GRPE system, so that the vertical stress 
exerted on the geosynthetic reinforcement that spans between pile caps can be 
predicted correctly. In addition, other factors that related to the tensioned-membrane 
effect of geosynthetic reinforcement, surface settlement of embankment and fill height 
of embankment will also be evaluated. The second goal of this research is to translate 
the findings from large-scale and centrifuge model tests to useful design charts for 
engineers to select the appropriate geosynthetic based on the design parameters, in 
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order to meet the serviceability limit state design of GRPE system.  
To achieve the first goal, large-scale physical model tests and centrifuge model 
tests were carried out to study some key components of the mechanisms of GRPE 
subjected to soil subsidence. A series of nine large-scale physical model tests were 
conducted at a specially designed and instrumented test pit, which located in Shah 
Alam, Selangor, Malaysia. In the tests, geosynthetic reinforcements were laid on top of 
the model piles, followed by the filling of embankment fill to a predetermined height. 
After the stabilization achieved with this filling, all the soil underneath the 
geosynthetic sheets was dug out from the front steel doors within a short time in order 
to simulate soil subsidence. Vertical load carried by piles, geosynthetic’s strain and 
deformation, total soil pressure and surface settlement were measured. This series of 
tests enables the study of a few key components of the possible load transfer 
mechanisms and tensioned membrane mechanisms in GRPE system. They are: (1) 
strain development in geosynthetic, (2) vertical displacement of geosynthetic, (3) 
surface settlement and volume of surface settlement, (4) stress distribution and 
development of soil arching effect in embankment fill, and (5) the “soil arch” in 
triangular pile arrangement. In addition, this comprehensive testing program also 
enables the evaluation of a few effects on the performance of GRPE system: (1) effect 
of arrangement of piles and orientation of reinforcement direction, (2) effect of 
embankment fill height, (3) effect of stiffness of geosynthetic, (4) effect of fill 
material, (5) effect of thin separation sand layer between geosynthetic sheets, and (6) 
effect of pile design. Evaluation of boundary effect on this large-scale physical model 
was carried out using 3-D FEM program. 
Two series of centrifuge model tests were conducted using the NUS Geotechnical 
Centrifuge system. The main objective of the first series of five tests is to study the 
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effect of embankment fill height on the formation of surface settlement on geotextile 
reinforced embankment subjected to soil subsidence. In Series 2, three different pile tip 
embedding conditions were modeled to study the effect of the pile design on the 
performance of GRPE system. 
The second goal of this research is to develop a series of design charts to enable 
design engineers to use them as a guide to select the appropriate type of geosynthetic, 
in order to meet their design requirements. In this aspect, semi-analytical solution was 
developed by incorporating the load transfer mechanisms of GRPE that were identified 
from both large-scale physical model tests and centrifuge model tests into the 
equilibrium equation, in order to predict the vertical soil stresses within the “arched 
region” as well as the vertical stress exerted on the geosynthetic reinforcement. 
Verification of vertical soil stress profile from prediction by large-scale physical model 
tests results was conducted to examine the accuracy of this proposed model.  
Next, a mathematical model based on the tensioned-membrane effect that couples 
the catenary deformation profile and load-extension characteristics of the geosynthetic 
was developed. With the value of vertical stress exerted on the geosynthetic 
reinforcement calculated based on the modified equilibrium equation, this model 
enables the predictions of the strains and maximum tensile force in geosynthetic sheets 
as well as the corresponding maximum vertical displacement of geosynthetic. Once 
again, verification of predictions by large-scale physical model tests results was carried 
out to validate the accuracy of this model.  
A series of design charts was produced to enable the users to select the appropriate 
type of geosynthetic based on their design parameters (i.e. the embankment height, pile 
spacing, pile cap size, unit weight of fill material etc.) to meet their design 
requirements in terms of the maximum geosynthetic tensile force and the maximum 
Chapter 1: Introduction 
 10
allowable vertical displacement of geosynthetic.  
 A full-scale field test on GRPE was carried out in conjunction with the 
development of a new major expressway in Singapore. In the design of the intersection 
of this expressway, GRPE system has been proposed as a ground improvement method 
to minimize the differential settlement between the road section and the adjacent rigid 
structure. Extensive instrumentation was designed, planned and implemented at two 
sections, in order to monitor the performance of the system for both short and long 
terms. This field case study will show the actual field behaviour of GRPE system, and 
allow the validation and confirmation of the proposed design concept of GRPE system.  
 
1.5 Outline of Thesis 
 
This thesis is divided into nine chapters. A literature review is included in Chapter 
2 to provide some background information on the three key load transfer mechanisms 
in GRPE system: soil arching, membrane effect and stress concentration. In addition, 
the current design methods of GRPE system will be reviewed and some of the 
unresolved issues in this area in particular the soil arching development will be 
highlighted. Chapter 3 describes the large-scale physical model tests setup and 
instrumentation, characteristics of soils and geosynthetics used in the tests as well as 
the procedures of conducting the tests. The evaluation of boundary effect on large-
scale physical model using 3-D FEM program will be discussed in Chapter 4. Chapter 
5 highlights some important centrifuge model principles and scaling relationships, and 
briefly introduces the NUS geotechnical centrifuge system. This chapter also describes 
the centrifuge model tests setup and instrumentation, the centrifuge model and the 
experimental procedures for the two series of centrifuge model tests. Chapter 6 
summarizes some of the key mechanisms of GRPE system that were revealed from 
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both large-scale physical model tests and centrifuge model tests. The semi-analytical 
solution and development of design charts for GRPE system will be discussed in 
Chapter 7. This chapter also evaluates the degree of arching in large-scale physical 
model tests. In addition, the derivation of equilibrium equation to predict the vertical 
stress exerted on geosynthetic reinforcement after the reduction due to soil arching 
effect will be illustrated. This chapter also attempts to verify the predictions based on 
this newly developed semi-analytical solution by the large-scale physical model tests 
results. Chapter 8 presents the full-scale field tests on an instrumented GRPE system 
for a new major expressway in Singapore. The ground condition of the site, 
instrumentation and monitoring scheme, as well as the results will be illustrated in this 
chapter. Finally, important conclusions and findings drawn from this research will be 
included in Chapter 9.  
 








This chapter will review literature and research works related to geosynthetic 
reinforced piled embankment (GRPE) system. Soil arching, tensioned membrane effect 
of geosynthetics and high stress concentration at the pile were identified as three key 
components of load transfer mechanisms in GRPE system (e.g. Han and Akins, 2002). 
Therefore, the review will start on these three key components. Subsequently, some 
current design methods and guidelines were reviewed and discussed briefly. Finally, a 
review on the laboratory model testing and some field studies on GRPE will be 
reported. 
 
2.2 Soil Arching Effect 
 
Soil arching effect is an important phenomenon that must be taken into account in 
the load transfer mechanism in GRPE system. Many researchers have investigated this 
phenomenon that is encountered in soil by assuming some forms of arching or stress 
redistribution in embankment fill. In this section, a few models or proposed 
mechanisms to explain the soil arching effect will be discussed, and then followed by 
the classification of soil arching phenomenon. The method for the evaluation of the 
degree of soil arching will also be reviewed.  
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2.2.1 Different Models of Soil Arching   
 
Seven available models to explain the soil arching effect will be reviewed in this 
section. 
 
(a) Terzaghi (1943)’s Model 
Terzaghi (1943) defined soil arching effect as the transfer of pressure from a 
yielding mass of soil onto adjacent non-yielding parts. Figure 2.1(a) shows a layer of 
dry sand with unit weight γ placed on a platform having a narrow strip of trap door 
“ab”. As long as the trap door occupied its original position, the pressure on the trap 
drop as well as that on the adjoining stationary parts was uniform and equal to γH. 
However, as soon as the trap door was lowered slightly, the pressure on the trap door 
decreased greatly whereas the pressure on the adjoining stationary parts increased as 
shown in Figure 2.1(b). This was attributed to the transfer of load by the friction at the 
interface between the moving soil mass and the stationary soil mass. In Figure 2.1(c), 
the vertical axis z/b is the height above trap door over the width of the long trap door. 
The horizontal axis is σv/σvh, where σv is the vertical soil stress at any depth below the 
surface after lowering of trap door and σvh is the vertical stress due to overburden 
assuming no arching. It can be noticed that for z/b greater than 2.5, there is no relief of 
vertical stress due to arching. However, immediately above the yielding of trap door 
(z/b from 0 to 0.7), σv is less than 10% of σvh.  
Giroud et al. (1990) discussed this model in more detail and presented an 
expression for stress redistribution in an embankment with basal geosynthetic 
reinforcement spans over an infinitely long void with a width of b. The uniform 
distributed vertical load exerted on the geosynthetic reinforcement is given by the 









γ −−=             (2.1) 
where p is the pressure acting on the geosynthetic sheet over the void; γ is the unit 
weight of embankment fill; H is the height of fill above void; b is the width of the 
void; K is the lateral earth pressure coefficient; φ is the friction angle of embankment 
fill. 
 
(b)  Jones et al. (1990)’s Model 
In Jones et al. (1990)’s model, Marston’s formula for positive projecting 
subsurface conduit (Spangler and Handy, 1982) was adopted in estimating the vertical 
soil pressure acting on top of the pile caps with the presence of soil arching effect. Due 
to the higher stiffness of piles in relation to the surrounding subsoil, differential 
settlement between soil directly above pile cap and surrounding soil will develop, and 
cause more vertical load from the embankment loading to concentrate on the piles. 
Ratio of the vertical stress acting on the pile caps to the average vertical effective stress 












σ                  (2.2) 
where cp'  is the vertical stress on the pile caps; v'σ  is the average vertical stress on the 
geotextile reinforcement spans between the pile caps; Cc is the arching coefficient; a is 
the pile cap width; H is the embankment height.  
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For end-bearing piles, Cc is found to be:  
Cc = 1.95 a
H  - 0.18               (2.3) 
For friction piles, Cc is found to be:   
Cc = 1.5
a
H  - 0.07                (2.4) 
The original Marston’s formula for loading on an infinitely long conduit (i.e. a 2D 








'σ                  (2.5) 
where cW  is the vertical stress on the conduit; v'σ  is the average vertical stress on the 
surrounding soil. 
It seems that Jones et al. (1990) has squared the ratio in order to take into account 
the 3D effect. Love and Milligan (2003) commented that this may not capture the 
complex 3D effect in the embankment fill correctly as other effects (such as effect of 
adjacent pile caps) may need to be considered also. 
 
These two models (i.e. Terzaghi, 1943 and Jones et al., 1990) involve the transfer 
of stresses via the friction at the interface between the moving soil mass and the 
relative stationary soil mass. 
  
(c) BS8006 (1995)’s Model 
BS8006 (1995) adopted Jones et al. (1990)’s model and incorporated an additional 
critical height concept (Figure 2.2). According to BS8006 (1995), the critical height 
(Hc) is located 1.4(s-a) above the pile cap level, where s is the pile spacing and a is the 
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pile cap width. For embankment greater that the critical height, it was assumed that the 
full arch is developed and all vertical loads above the critical height do not contribute 
to the tensioned in the reinforcement at the pile cap level, but being transferred to the 
boundary support (i.e. pile caps). Furthermore, BS8006 (1995) recommended the 
minimum fill height must be greater than 0.7(s-a), which is half of Hc, in order to 
avoid the occurrence of localized differential deformations at the surface of 
embankment. If the embankment height is in between the critical height (Hc) and the 
recommended minimum fill height (Hc/2), the vertical load acting on geosynthetic is 
equal to γΗ reduced by arching effect plus any surcharge loading on the top of the 
embankment. Ignoring the partial factor of safety, the uniform vertical load on 
geosynthetic (wT) can be computed using one of the following equations. 


















γ           (2.6) 



















          (2.7) 
where γ is the unit weight of the embankment fill; ws is the surcharge intensity at the 
top surface of the embankment. 
Rogbeck et al. (1998) pointed out that the procedure used in BS8006 (1995) 
produces relative large discontinuities in the calculation at certain embankment height 
due to this critical height concept.  
Mandal et al. (2000) and Wood et al. (2004) have reported field case studies on 
basal reinforced piled embankment, which were designed based on this model and 
used successfully in the field. However, it is the author’s opinion that  BS8006 (1995) 
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has attempted to include the basal reinforcement in the design of GRPE, the soil 
arching coefficient adopted is originally from Marston’s formula for conduits which 
may not be the same as in 3D arches that is complicated by the presence of 
geosynthetic reinforcement. 
 
(d) Carlsson’s Model 
The Carlsson approach described by Rogbeck et al. (1998) also adopted “critical 
height” approach. This method considered the soil mass under soil arch, which is the 
load carried by the reinforcement, as a soil wedge with an internal angle at the apex 
equivalent to 30° (see Figure 2.3). In this case, the critical height (Hc) is the vertical 




−=              (2.8) 
where c is the spacing between two adjacent pile caps ; a is the pile cap width. 
In this model, the weight of this soil wedge was considered to be acting across the 
deformed length of the reinforcement spanned between two adjacent pile caps. The 
principle behind this method is similar to that in BS8006 (1995), except that the 
calculation of uniform distributed load on reinforcement (wT) has been simplified by 
introducing a soil wedge concept. The weight of this soil wedge to be carried by 




2acW                 (2.9)  
By assuming the deformation shape is a catenary profile, the tension in the 
reinforcement in two-dimensions is calculated as follows: 











−=              (2.10) 
where d is the maximum displacement of the geosynthetic that is dependent on the 
strain in the geosynthetic.  
Rogbeck et al. (1998) has modified the Carlsson’s model to take into account the 
three-dimensional effects in the calculation of geosynthetic tension. The three-
dimensional effects were estimated through load distribution according to Figure 2.4, 
where the load is distributed over the shaded area in the figure and is taken up by the 
reinforcement along the edge of the pile cap (i.e. the width of this reinforcement 
stretch is the same as the width of pile cap). The area ratio of the shaded area in Figure 
2.4 to the area of the reinforcement along the edge of the pile cap is given by: 







               (2.11) 
After that, the reinforcement will transfer the load to the pile caps. The relationship 









=                (2.12) 
 
(e) Hewlett and Randolph (1988)’s Model 
In Hewlett and Randolph (1988) approach, a theoretical solution for arching action 
in free draining granular material above piles was derived based on observation from 
laboratory model test. This theoretical solution was derived using radial equilibrium 
equation by considering the limiting equilibrium of stresses in the curved region of 
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sand between two adjacent pile caps. It is assumed that the vertical loads that reach this 
curved region can be reoriented in radial and tangential directions and eventually 
transmitted to the piles or rigid supports. Figure 2.5 shows the section through a piled 
embankment (after Hewlett and Randolph, 1988) to illustrate the soil arching effect.  
In this model, it was assumed that the vertical stress acting on the crown of the 
upper surface of the arch dome is γz, where z is the distance from the embankment 
surface. In addition, the stress redistribution was assumed to take place in the 
hemispherical arched zone with uniform thickness. The total pressure acting on subsoil 
is the summation of the vertical stress being reduced by stress redistribution in the 
uniform arched region and the weight of the “infilling soil” beneath the arched region, 
as shown in Figure 2.5.  
Total pressure acting on subsoil can be computed as follows: 
σs = σi + 
2
)( bs −γ                 (2.13) 
where σi is the pressure acting at the crown of the under surface of the arch dome, 
which can be derived from a radial equilibrium equation. The detailed derivation of 
this is given in Chapter 7. The final expression (σi) is given by: 



















bs     (2.14) 
where  s is the pile spacing; b is the pile cap width; H is the height of embankment; γ is 
the unit weight of embankment fill; δ = b/s; Kp is the Rankine’s passive earth 
coefficient. 
Hewlett and Randolph (1988) approach has been shown to provide consistent 
results when compared with three-dimensional numerical analysis (Russell and 
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Pierpoint, 1997).  
 
It should be noted that in the 5 models mentioned above, the soil arching effect 
development did not include the presence of basal reinforcement. The vertical stresses 
acting on the soft soil between piles are assumed to be the same irrespective to whether 
the geosynthetic is present or not. This may be valid if the geosynthetic stiffness is in 
the same order as subsoil stiffness. However, the inclusion of geosynthetic 
reinforcement, especially when the stiffness of geosynthetic is relatively higher than 
that of subsoil, may change the soil arching mechanism from that without 
geosynthetic. This is because the geosynthetic reinforcement will limit the vertical 
movement of the yielded soil mass within the infilling region and thus may change the 
stress redistribution in this region. Furthermore, the interaction between the 
deformation of geosynthetic reinforcement and the fill material in the “arched region”, 
which starts at the beginning of soil filling process, may cause further complication in 
the soil arching mechanism.  
 
(f)  Zaeske (2001)’s Model 
Zaeske (2001)’s model that was described by Kempfert et al. (2004) is an 
analytical model that was developed based on the lower bound theorem of the 
plasticity theory. In this model, a modified stress distribution theory was developed by 
considering the equilibrium of forces of a 3D soil element (Figure 2.6). In addition, the 
upwards counter-pressure from the subsoil in-between piles was also incorporated into 
the computation of tensioned membrane components. In Hewlett and Randolph (1988) 
model, it was assumed that the stress redistribution only take place in the 
hemispherical arched zone with uniform thickness. On the other hand, in Zaeske 
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(2001)’s model, it was assumed that the stress redistribution will take place within the 
arched zone and the whole soil dome below it (called infilling zone). It is also noted 
that the arched zone in Zaeske (2001)’s model is hemispherical, but not with uniform 
thickness. In addition, Zaeske (2001) has carried out laboratory model tests with the 
inclusion of geosynthetic and measured soil stresses at various locations. It was shown 
that the predictions using this analytical model agreed quite well with the laboratory 
model test results. This indicates that with the inclusion of geosynthetic, the stress 
redistribution can also take place within the infilling region, which was ignored by 
Hewlett and Randolph (1988)’s model. The main concept of this model serves as the 
foundation of my current research works in deriving the equilibrium equation to 
predict the vertical stress exerted on geosynthetic reinforcement after the reduction due 
to soil arching effect, which will be illustrated in Chapter 7. However, Zaeske (2001) 
did not investigate the interaction between the geosynthetic deformation and the 
development of soil arching effect. It is believed that this interaction may have 
significant effect on the stress redistribution within the arched region. 
 
(g) Enhanced Arching Model 
Enhanced arching model (or Guido model) has been developed based on Guido et 
al. (1987)’s work on plate loading test on multi-layer bi-axial geogrid reinforced sand. 
He concluded that the failure plane that was developed from the edge of the loading 
plate was approximately 45° to the horizontal. Bell et al. (1994), Maddison et al. 
(1996); Jenner et al. (1998) and Habib et al. (2002) have applied this approach to 
design piled embankment with geogrid reinforcements. In this model (see Figure 2.7), 
it was assumed that the weight of a soil wedge with an internal angle of 45° at the apex 
will be carried by the geogrids. Love and Milligan (2003) pointed out a conceptual 
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difficulty in applying this method in soil arching cases, as the actual gravity direction 
in GRPE’s arching is upward while the gravity direction in Guido et al. (1987)’s plate 
loading test is acting downward. Furthermore, multi-layer bi-axial geogrid 
reinforcements were used in his test, and hence the soil arching mechanism in this 
approach may significantly differ from that in GRPE system with either single 
geosynthetic layer or two perpendicularly cross-laid geosynthetics layers. Therefore, 
this approach will not be considered in detailed in the present study. 
 
(h) Remarks on Reviewed Arching Models  
In GRPE, soil arching develops above the geotextile reinforcement when 
differential settlement occurs between pile caps (Han and Akins, 2002). The 
development of soil arching reduces the pressure acting on the geosynthetic that 
spanning between pile caps. Although several models are available for estimating the 
magnitude of soil arching, the key characteristics of these complex structures are still 
not well-identified. There is no clear information available on the development of soil 
arching effect in the embankment fill with the inclusion of geosynthetic, particularly 
during the process of soil subsidence. Therefore, further research has to be conducted 
to study the development of soil arching effect in the embankment fill with the 
presence of geosynthetic, as well as to predict the vertical stress exerted on 
geosynthetic reinforcement after the reduction due to soil arching effect. In addition, 
the interaction between the geosynthetic deformation and the development of soil 
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2.2.2 Classification of Soil Arching Effect  
 
The term of “soil arching effect” was defined by Terzaghi (1943) as the transfer of 
pressure from a yielding mass of soil onto adjacent non-yielding parts. This is due to 
the “friction” developed between the moving soil mass and the stationary soil mass. 
This definition may be well-suited for his “trap-door” experiment. It was found to be 
too restrictive for general case of transfer of stresses in the fill of piled embankment or 
other applications. In the latter cases, besides the transfer of load/pressure via friction, 
the soil arching effect also involves “reorientation of load” due to the geometry of the 
assumed arched region with respect to the piles or rigid supports such that limiting 
equilibrium is achieved at this region. Since then, many research works have been 
done to consider the 2D and 3D limiting equilibrium of stresses in a curved region of 
soil fill between two adjacent pile caps in piled embankment (Hewlett and Randolph, 
1988 and Kempfert et al., 2004). It is assumed that the vertical overburden loads 
arising from the self-weight of soil and surface load exerted on this curved region will 
be reoriented in both radial and tangential directions such that within each arch, the 
tangential direction is the direction of major principle stress and the radial direction is 
the direction of minor principle stress. This overburden was eventually transmitted to 
the piles. After some careful reviews of the previous works, it can be summarized that 
the mechanism of soil arching effect can be divided into two main categories: (1) 
transfer of load via shear resistance / friction, and (2) reorientation of load in both 
radial and tangential directions. In addition, there are various modes of soil arching 
effect in these two main categories, as summarized in Figure 2.8. 
Referring to Figure 2.8, Case 1 is the Terzaghi (1943)’s trap door experiment with 
cohesionless sand fill. There is a transfer of load by friction at the interface between 
the moving soil mass and the stationary soil mass. When H/D is large enough, the 
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whole system will be stable.  
When the granular soil column located directly above a cavity subjected to 
yielding, the soil mass within this yielded soil column may crack and then form 
individual soil clusters. In this case, there may be a transfer of load via the friction 
between those individual soil clusters (Case 2). Eventually, the self-weight of those 
individual soil clusters in the yielded soil column will be transmitted to the adjacent 
stationary soil columns, and followed by transmitted to the rigid foundation below 
these stationary soil columns. 
In addition to the transfer of load as discussed in Case 1 and Case 2, there are other 
modes of soil arching effect related to the reorientation of vertical loads in a curved 
region of soil fill between adjacent pile caps in both radial and tangential directions in 
order to reach static equilibrium state. 
In Case 3, where granular soil is used as embankment fill, vertical loads are 
reoriented due to the geometry of the arched region with respect to the pile. With the 
formation of stable arch, the entire vertical load will be fully transmitted to the piles or 
rigid supports that were designed to carry this load via reorientation of vertical loads in 
both radial and tangential directions. The formation of stable arch (i.e. indicated as 
Case 3a) is governed by a few factors: (1) sufficient H to form stable arch, (2) h/L ratio 
must be sufficient to reorientate the vertical load, and (3) good interlocking between 
soil grains in the arched region. In this case, the subsoil in-between the piles or rigid 
supports will experience zero vertical load. When the requirements in Case 3a cannot 
be fulfilled, a stable arch cannot be formed in the fill. In this situation, only partial 
arching can take place to transmit part of the vertical load to the piles, as indicated as 
Case 3b. In this latter case, in addition to the stress orientation due to the geometry of 
the arched region with respect to the pile, there will still be part of the vertical loads 
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being carried by the subsoil beneath the arched region. This implies that this “infilling 
zone” should possess certain amount of strength. This clearly indicates that the subsoil 
must be sufficiently strong to support this infilling zone. This also means that some 
amount of vertical loads will be transmitted to the subsoil between piles.  
In GRPE (i.e. Case 4), normally L is large and a is small in order to produce an 
economical design. Therefore, most of the time, stable arch may not be able to be 
established as the h/L ratio is insufficient to reorient the entire vertical loads. In this 
case, only partial arching can take place to transmit part of the vertical load to the 
piles. Similar to Case 3b, part of the vertical loads will still be transmitted to the 
“infilling zone”. However, in Case 4, the presence of geosynthetic reinforcement will 
support this “infilling zone”, such that the load being transmitted to the subsoil below 
geosynthetic can even be reduced. Most of these vertical loads, i.e. the amount of 
vertical load after the reduction by load reorientation, will be carried by geosynthetic 
membrane tension. This will help to limit the deformation of subsoil below the 
geosynthetic reinforcement. In addition, this membrane tension will be eventually 
transmitted to the end anchors or/and supporting piles. Comparing Case 3b and Case 4, 
it shows that when the subsoil is weak and insufficiently strong to support the infilling 
zone, geosynthetic reinforcement is needed to ensure the stability of the whole piled 
embankment system. This is the reason why the conventional piled embankment (i.e. 
without geosynthetic) over soft soil will be unstable when L is too large or a is too 
small or H is insufficient. Therefore, this thesis focuses on the study of the stress 
distribution and the development of soil arching effect in the embankment fill of GRPE 
system as well as the effect of geosynthetic’s stiffness on the formation of soil arching 
and surface settlement. 
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2.2.3 Evaluation of Degree of Soil Arching  
 
For the piled embankment system without geosynthetic, the presence of soil 
arching reduces the vertical stress exerted on the subsoil. As a result, soft foundation 
soil only carries a small portion of the load. Most of the embankment loads will be 
transferred to the piles. The ratio of vertical stress carried by the pile (σc) to that acting 
on the soft soil between pile caps (σs) is called “stress concentration ratio (SCR)” on 




σ=                  (2.15) 
In GRPE system, the original portion of load acting on the soft soil without 
geosynthetic (σs) is now exerted on a flexible tensioned membrane (i.e. designated as 
σs1), which in turn will eventually transfer to the piles as the membrane spanned 
between piles. Hence, the net stresses acting on subsoil (σs2) can be further reduced 
(due to tensioned membrane effect), even to zero in some cases. Therefore, the 
inclusion of geosynthetic can enhance the stress concentration ratio on the piles. It 
should be noted that the “σs2” in the SCR calculation is the soil stress of subsoil at the 
geosynthetic level, which should be measured below the geosynthetic. For GRPE 
system, the stress concentration ratio (SCR)” on the piles based on different σs values 










σ=                  (2.17) 
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The other parameter, i.e. “stress reduction ratio”, was used by some researcher 
(Giroud et al., 1990; Low et al. 1994; Horgan and Sarsby, 2002 and Stewart and Filz, 
2005). Stress reduction ratio (SRR) is defined as the ratio of the average vertical stress 
exerted on subsoil between pile caps (σs) to the value of γH, where H is the fill height, 
which is thus given by the following equation:  
H
SRR sγ
σ=                  (2.18)  
This ratio is used to quantify the proportional embankment load carried by the 
geosynthetic reinforcement if σs is taken as subsoil stress beneath the geosynthetic. 
The comparison conducted by Horgan and Sarsby (2002) and Stewart and Filz (2005) 
show that for a same test configuration, the computed stress reduction ratio values vary 
greatly when different soil arching model is used. The inconsistency arises from the 
way that these models analyse the soil arching effect. Therefore, more research is 
needed to investigate the soil arching effect in embankment fill. In addition, Low et al. 
(1994) recommended two more related parameters, i.e. efficacy of pile and 
competency, to assess the degree of soil arching in the embankment fill. These two 
parameters will be further discussed when used to evaluate the degree of soil arching 
in Chapter 7. 
 
2.3 Tensioned Membrane Effect 
 
In GRPE system, the basal geosynthetic reinforcement is able to deform as a 
membrane in order to mobilize its tensile strength and ensure the static equilibrium of 
the sheet when subjected to forces applied perpendicularly to its surface (Figure 2.9). 
The current approach in calculating the various components/parameters of this 
tensioned membrane (i.e. geosynthetic strain, tension in geosynthetic and vertical 
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displacement) due to embankment loading is to pre-define a deformed shape of 
geosynthetic. It is assumed that the deformed shape is a smooth curve subjected to 
uniformly vertical stresses. After that, the strain and tension in the geosynthetic will be 
determined using simple mathematical derivations based on the assumed deformed 
shape in order to satisfy the static equilibrium of the system. Table 2.1 summarizes the 
various deformed shape used in current tensioned membrane models. From the field 
observation of GRPE system, it seems that the actual deformed shape is closer to a 
catenary shape when there is a cavity below the geosynthetic or the subsoil is very 
weak. However, when the subsoil is not as weak and the deformation is small, all the 3 
deformed shapes give about the same tension. 
 
Table 2.1. Summary of current tensioned membrane models 
Model Deformed Shape of Geosynthetic  
Delmas (1979) and Leonard (1988) Parabola 
Perrier (1983), Fluet et al. (1986) and 
Giroud et al. (1990) Circular 
John (1987) and Rogbeck et al. (1998) Catenary 
 
A three-node 3D element specific to the membrane behaviour of geosynthetics was 
developed by Giraud (1997). Subsequently, this was incorporated in a finite-element 
computation code in order to take into account the very special structure of 
geosynthetics sheets, which have a fibrous structure involving reinforcements in those 
particular directions (Giraud, 1997). This numerical study was described by Gourc & 
Villard (2000). In addition, a comparison between this numerical model and existing 
analytical solutions was conducted (Villard et al., 1998). The comparison shows that 
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Giraud (1997)’s numerical model was highly satisfactory. 
Villard et al. (1998) has conducted numerical parametric studies on horizontal 
membrane sheets spanned above a cavity and subjected to uniform distributed vertical 
loads using another newly developed 3D model. The parameters considered are the 
number of layers, the shape of geotextiles, the orientation of the main reinforcement 
yarns and the number of fixed edges. On the other hand, the fixed parameters were the 
width of the cavity (L=2m), surcharge (q=55kN/m2) and the geotextile stiffness 
(J=909kN/m). The results are shown in Figure 2.10. Comparing the Case 1a (where 
sheet is fixed on 2 sides only) and Case 2a (where sheet is fixed on all 4 sides), it is 
noted that the relative deflection fmax/L is the same for both cases. This shows that 
when using mono-directional geosynthetic sheet as reinforcement, only the main 
reinforcement direction (i.e. the machine direction) needs to be fixed or anchored. This 
is just one of the many interesting findings from this numerical modeling of tensioned 
membrane effect. 
However, some of the key mechanisms of the tensioned membrane effect in GRPE 
system still remain not well-understood: (1) the strain development in geosynthetic 
sheet, (2) the vertical displacement of geosynthetic in triangular piles grid, (3) the 
effect of the arrangement of piles and orientation of reinforcement direction on the 
performance of GRPE system, (4) the effect of stiffness of geosynthetic on the 
performance of GRPE system, and (5) the role of the geosynthetic reinforcement in 
GRPE system. Therefore, more research works need to be carried out to investigate 
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2.4 Current Design Methods and Guidelines 
 
Currently, there are a few codes that cover the design of GRPE system. In those 
current design methods, the design of GRPE system is divided into two stages. Firstly, 
the vertical stress acting on geosynthetic reinforcement (after considering the soil 
arching effect in the soil fill above the reinforcement) is calculated. Secondly, the 
calculated vertical stress acting on geosynthetic is used to evaluate the required tensile 
strength of geosynthetic based on the serviceability parameters (i.e. maximum 
allowable geosynthetic strain or/and maximum allowable vertical displacement of 
geosynthetic). Design guidelines of GRPE system in these current standards are 
summarized in Table 2.2.  
BS8006 (1995) adopted Jones et al. (1990)’s soil arching model and incorporated 
an additional critical height concept in estimating the vertical stress acting on 
geosynthetic reinforcement. On the other hand, Nordic Handbook (Draft) (2002) 
adopted both Carlsson’s model (2D case) and modified Carlsson’s model (3D case that 
was proposed by Rogbeck et al., 1998) in estimating this vertical stress acting on 
geosynthetic reinforcement. As discussed above, the development of the soil arching 
models being adopted on these two codes did not include the presence of basal 
reinforcement. The inclusion of geosynthetic reinforcement may change the soil 
arching mechanism from that without geosynthetic. EBGEO (Draft) (2003) adopted 
Zaeske (2001)’s soil arching model that takes into account the upwards counter-
pressure from the subsoil in-between piles in estimating the vertical stress acting on 
geosynthetic reinforcement.  
Leonard (1988)’s tensioned membrane model is adopted in both BS8006 (1995) 
and Nordic Handbook (Draft) (2002) to calculate the tensioned membrane components 
(i.e. tension in geosynthetic and vertical displacement at mid-span). In estimating those 
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tensioned membrane components, these two codes assumed that the geosynthetic strip 
spans between two adjacent pile caps with a width of pile cap width (a) takes the entire 
vertical load acting on geosynthetic within its responsible area. This may be too 
conservative in some cases. Therefore, this current research will look into this aspect.  
Some of the key mechanisms of the GRPE system subjected to soil subsidence in 
terms of both soil arching effect and tensioned membrane effect of geosynthetic 
remain poorly understood. Hence, further research is needed in this aspect.  
 
Table 2.2. Summary of adopted soil arching model and tensioned membrane model in 
current design codes 
 




Jone et al. (1990) 
(incorporates with 
critical height concept) 
Leonard (1988) 
Nordic Handbook (Draft) (2002) 




EBGEO (Draft) (2003) Zaeske (2001) Did not specify 
* EBGEO: German Recommendations for Geosynthetic Reinforced Structures 
 
2.5 Small-Scale Physical Model Test 
 
Since soil bahaviour is non-linear and stress-dependent, thus the test results 
obtained from a small-scale model cannot be extrapolated to prototype scale when 
dealing with those highly stress dependent geotechnical problems. Normally, a 
correlation is introduced when applying those laboratory findings. Many researches 
have been carried out using small scale model to study the soil arching effect in 
embankment without basal reinforcement (Terzaghi, 1936; Hewlett & Randolph, 1988; 
Chapter 2: Literature Review 
 32
Tung, 1994 and Loh, 1995). Soil arching is highly stress-dependent. Therefore, 
verification is needed when applying those formulations in the actual field case. 
Low et al. (1994) conducted small-scale model test and theoretical analysis to 
investigate the arching in embankment founded on soft ground and supported by cap 
beams. Two cases were studied using this model, i.e. no-geotextile and with geotextile. 
The theoretical solution based on equilibrium of semi-cylindrical sand arches showed 
not too satisfactory agreement with the small-scale model test results for cases with 
geotextiles, while the agreement for cases without geotextile is better. The pre-
stressing of geotextile at initial stage has been identified as the main factor that 
contributed to this less satisfactory agreement. As the initial conditions of the 
geotextile (i.e. fixity of geotextile and boundary condition) in the model tests and in 
prototype situations may have significant difference, Low et al. (199) suggested that 
centrifuge or full-scale model tests to be conducted to investigate the validity of its 
theoretical model at prototype conditions.  
Horgan and Sarsby (2002) conducted a series of tests using a small-scale model, in 
order to evaluate the effect of soil arching and to determine the “zone of influence” 
that affects the vertical stress acting on geosynthetic reinforcement. The preliminary 
results indicate that the increase in the ratio of the fill height (H) to the clear spacing 
between two piles (s-a) resulted in the decrease in surface settlement. In the model 
tests, trap door was used to support the embankment at the initial stage, and then was 
lowered down to simulate settlement of subsoil. It should be noted that the 
geosynthetic may undergo certain degree of vertical deflection during the construction 
of embankment, instead of a sudden settlement due to lowering of trap door. As a 
result, the vertical stress acting on subsoil will be affected by the deformed shape of 
the geosynthetic. In addition, the anchoring condition and the initial vertical deflection 
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of geosynthetic prior to settlement of subsoil may have certain effect on the estimation 
of the vertical stress acting on geosynthetic as well as the subsequent vertical 
deflection of geosynthetic. Furthermore, it is obvious that the stress range in a small-
scale model may be very different from its full-scale prototype, thus, there may be 
significant difference on both the development of soil arching in embankment fill and 
tensioned membrane behaviour of geosynthetic. Hence, a large-scale model with real 
size pile caps, real stiffness of geosynthetic reinforcement and actual subsoil can be a 
better model to investigate the mechanisms of GRPE system. 
 
2.6 Field Studies 
 
In this section, a case study on the failure of piled embankment without 
geosynthetic at bridge approach and the general field behaviour of GRPE system from 
some field studies will be reviewed. 
 
2.6.1 Failure of Conventional Piled Embankment at Bridge Approach  
 
Azam et al. (1990) presents the evaluation on the failure of a constructed piled 
embankment without geosynthetic reinforcement along the North-South Expressway 
from Jitra to Gurun in Malaysia. Immediately after the stretch was opened for traffic, 
pronounced differential settlement occurred at numerous bridge approaches and 
transition zones between piled embankment and non-piled embankment (Figure 2.11). 
In addition, large settlement and sinkholes were formed on the embankment fill around 
the individual pile caps due to excessive settlement of the embankment fill in between 
pile caps. Although repair works had been carried out regularly to maintain a safe 
riding surface on the carriageway, the road embankment continued to show marked 
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deformation and undulations. The evaluation showed that the main reason that caused 
the failure of piled embankment at this stretch is that more than half of the piled 
embankment areas were resting on pile caps which were spaced larger than the 
recommended maximum spacing based on Swedish Road Board’s design chart (Table 
2.3). This was due to the overestimation of subsoil contribution in the design of this 
conventional piled embankment system. This phenomenon clearly indicates that the 
chart produced by Swedish Road Board (1974) (Figure 2.12), which can be obtained 
from Broms (1979), is a good safety guideline to limit the pile spacing and pile cap 
size for conventional piled embankment without geosynthetic reinforcement. Jones et 
al. (1990) reported that the presence of geosynthetic as basal reinforcement permits the 
spacing of piles (s) to be increased and/or the size of pile caps (a) to be reduced. In 
other words, the clear pile spacing (s-a) of piled embankment can be increased with the 
inclusion of geosynthetic. However, the key mechanism causes the possibility in 
increasing the clear pile spacing (s-a) is not well-identified. Therefore, more research 
are needed to investigate this key mechanism. 
 
Table 2.3.  Piles spacing used in the original design of piled embankment without 
geosynthetic (Azam et al., 1990) 
Fill Height (m) Actual Pile Spacing Used (m) 
Recommended Maximum Pile 
Spacing (Swedish Road Board) (m) 
3.76 – 4.2 3.4 3.5 
3.32 – 3.76 3.8 3.2 
2.82 – 3.32 4.2 3.1 
2.5 – 2.82 4.6 3.0 
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2.6.2 Field Behaviour of GRPE System  
 
In this section, some case studies on GRPE projects and a full-scale field test will 
be discussed. 
Figure 2.13 is taken from Reid and Buchanan (1984)’s “Bridge Approach Support 
Piling”. This paper discusses the advantages gained by the use of piles with geotextile 
beneath approach embankments, which was called Bridge Approach Support Piling 
(BASP) System, on the M9 and M876 motorways near Glasgow, UK. In their design, 
the piles near the bridge are longer and will settle very little since they are designed to 
carry the full weight of the embankment through end-bearing. Conversely, the piles 
located further away from the bridge are shorter and will settle more in order to allow a 
gradual transition. The 9m high embankment was built in 13 months. Reid et al. (1984) 
reported that the use of this system in the construction resulted in significant time 
saving and cost efficiency. The total area that covered by pile caps was 10.6% of the 
ground surface area. During construction, pore water pressure in the soft alluvium 
layer never exceeded 5% of the embankment weight. The load cells results show that 
82% of the weight of the embankment was borne by piles at the end of 4 years (Figure 
2.14). There was no apparent differential settlement immediately adjacent to the 
bridge. This shows the success of this system in reducing the destructive differential 
settlements between the piled structure and the embankment at bridge approach. 
Regbeck et al. (1998) reported a case study on a geogrid reinforced piled 
embankment at Route 632 in Sweden (Figure 2.15). A two-dimensional finite 
difference program, i.e. Fast Lagrangian Analysis of Continua (FLAC) Version 3.30, 
was used to verify the difference in the design calculations based on BS8006 (1995) 
and Carlsson Method. The verification shows that both BS8006 (1995) and Carlsson 
Method gave conservative predictions. The comparison between field measurements 
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and predictions shows that FLAC calculations under-predicted the geosynthetic strain, 
vertical displacement at mid-span and tensile force in geosynthetic due to the non-
consideration of compaction effect in field operation. However, after incorporating the 
compaction effect into the predictions, the FLAC results agreed better with the field 
measurements. This shows the importance of considering the compaction effect in the 
design calculation if the foundation support from the subsoil is taken into account in 
the design. The authors explained the occurrence of larger vertical displacement at the 
centre of diagonal span, instead of at the centre between two adjacent piles, was due to 
three-dimensional effect. It was suggested that to increase the density of fill by 50% in 
order to consider this three-dimensional effect in design. This phenomenon may be 
attributed to the effect of orientation of reinforcement direction with respect to the 
arrangement of piles. In addition, the field measurements also showed that the higher 
strain was measured near the pile cap edge. More research are needed to investigate 
these two mechanisms that related to the geosynthetic tensioned membrane effect in 
GRPE system.   
Shin et al. (2003) reported the results from a full-scale field test on the performance 
of geogrid reinforced piled embankment founded on soft marine clay. In the test pit, 4 
test sections (i.e. 3 reinforced sections and 1 non-reinforced section) were created 
(Figure 2.16). In the 3 reinforced sections, the spacing of the piles (D) was varied 
while the width of the pile cap (b) was fixed, in order to produce three different D/b 
ratios. The objective of this field test was to evaluate the effectiveness of the geogrid 
reinforced piled embankment system in reducing the settlement of the soft marine clay 
layer beneath the reinforced embankment. The results show that the increase in pile 
spacing resulted in the decrease in the effectiveness of the system in reducing the 
settlement of clay layer. This was because the vertical deflection of geogrid and its 
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strain increased when pile spacing increased. In addition, the results also indicate that 
for D/b ratio more than 6, this system is practically ineffective in reducing the 
settlement of the soft marine clay layer beneath the reinforced embankment. However, 
this paper did not mention about any direct evaluation of neither soil arching effect nor 
tensioned membrane effect of geosynthetic reinforcement. 
 
2.7 Concluding Remarks 
 
Soil arching, membrane effect and stress concentration are identified as three key 
components of the load transfer mechanisms in GRPE system. Many researchers have 
investigated this soil arching phenomenon encountered in soil by assuming some forms 
of arching zone or stress redistribution in embankment fill. Although several arching 
models currently exist for estimating the magnitude of soil arching, the key 
characteristics of these complex structures are still not well-identified. The comparison 
conducted by Horgan and Sarsby (2002) and Stewart and Filz (2005) showed that for 
the same test configuration, the computed stress reduction ratio values vary greatly 
when different soil arching model is used. The inconsistency arises from the way that 
those models analyse the soil arching effect.  
There is no clear information available on the development of soil arching effect in 
the embankment fill with the inclusion of geosynthetic, particularly during the process 
of soil subsidence. The inclusion of geosynthetic reinforcement, especially when the 
stiffness of geosynthetic is higher than that of subsoil, may change the soil arching 
mechanism from that without geosynthetic reinforcement. This is because the 
geosynthetic reinforcement will limit the vertical movement of the yielded soil mass 
within the infilling region and thus may change the stress redistribution in this region. 
Furthermore, the interaction between the deformation of geosynthetic and the fill 
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material in the “arched region”, which starts at the beginning of soil filling process, 
may cause further complication in the soil arching mechanism. Therefore, more 
research is needed to investigate the development of soil arching effect in the 
embankment fill of GRPE system, as well as to study the interaction between the 
geosynthetic deformation and the development of soil arching effect. 
The current approach in calculating the tensioned membrane 
components/parameters (i.e. geosynthetic strain, tension in geosynthetic and vertical 
displacement) due to embankment loading in GRPE system is to define a deformed 
shape of geosynthetic. At present, the following key factors that affect the tensioned 
membrane effect in GRPE system are not well-understood: (1) the strain development 
in geosynthetic sheet, (2) the vertical displacement of geosynthetic, (3) the effect of the 
arrangement of piles and orientation of reinforcement direction on the performance of 
GRPE system, (4) the effect of stiffness of geosynthetic on the performance of GRPE 
system, and (5) the role of geosynthetic reinforcement in the GRPE system. Therefore, 
more research are needed to investigate those key factors of the tensioned membrane 
effect.  
Finally, the key factors affecting the concentration of vertical stress in GRPE 
system were not well reported and discussed in literature. Hence, further research is 
needed to look into this aspect. 
The stress range in a small-scale model may be very different from its full-scale 
prototype, thus, there may be significant difference on both the development of soil 
arching in embankment fill and tensioned membrane behaviour of geosynthetic. 
Hence, a large-scale model with real pile caps size, real stiffness of geosynthetic 
reinforcement and actual subsoil can be a better model to investigate the mechanisms 
of GRPE system. 







Figure 2.1. Terzaghi’s trap door experiment. (a) Cross section view : ab is the trap 
door, (b) Pressure on platform and trap door after slight lowering of door, (c) vertical 
















Figure 2.3. The soil wedge influencing the reinforcement after Carlsson (obtained from 













Figure 2.4. Load distribution to estimate the forces in the three-dimensional case 





Figure 2.5. Section through a piled embankment (after Hewlett and Randolph, 
1988) 
 




Figure 2.6. Equilibrium of stresses of a three-dimensional soil element in radial 





Figure 2.7. Enhanced arching approach after Jenner et al. (1998) (obtained from 










Load Transfer Platform Grid 
Platform Fill – Well graded 
granular fill. Max. particle size 
75mm from cap to top of arch 
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Case 1  
Trap Door Experiment 
(Terzaghi,1943) 
- cohesionless sand   
- stable when H/D is large 
Case 2 
 Individual Soil Clusters 
within Yielded Soil 
Column 
- granular soil column 
Case 3 
 Piled Embankment 
3a  - granular soil 
      - sufficient H and h/L  
      - good interlocking   
         between soil grains 
3b  - requirements in 3a  
        cannot be fulfilled 
 - subsoil must have  
certain amount of 
strength to support 
infilling zone 
Case 4 
 Geosynthetic Reinforced 
Piled Embankment 
(GRPE) 
- normally L is large and 
a is small to produce an 
economical design 
- Geosynthetic carries 
most of the remaining 
load that is not 
reoriented by the arch. 
Hence, load onto subsoil 
is very minimal. 
 
Figure 2.8. Different modes of soil arching effect 
Soil arching effect 
Reorientation of load 
(Tangential direction is major principle 
stress direction; radial direction is 
minor principle stress direction) 
Case 3b 
Stable arch  Partial arching 
Case 3a Case 4
Transfer of load  
(via shear resistance / friction)






clusters within the 
yielded soil column






















Figure 2.9. Loading case considered by Delmas (1979). (a) Before deflection; (b) After 





Figure 2.10. Parametric study by Delmas (1979). Key: all geometries tested (L=2m, 
q=55kN/m2, J=909kN/m) 
 










Figure 2.12. Design chart for conventional piled embankment without geosynthetic 
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Figure 2.14. Development of loading on the pile load cell with increasing embankment 













Figure 2.15. Cross sectional view of geogrid reinforced piled embankment at Route 





Figure 2.16. The test pit of full-scale field tests: (a) cross sectional view; (b) plan view 
(Shin et al. 2003) 
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Chapter 3 
Large-Scale Model Tests in the Field 
 
 
3.1 Overview of Large-Scale Model Testing Program 
 
In the GRPE system, the development of soil arching in the fill is still not well 
understood. In addition, the influences of a few factors on the performance of this 
system have not been well-identified yet. As a result, a specially designed test pit was 
constructed to enable the conduct of a series of large-scale model tests on geosynthetic 
reinforced piled embankment. This is part of the joint research project between 
National University of Singapore and University of Joseph-Fourier, France. This 
section will discuss the setup and methodology of the large-scale model tests. 
The dimension of the test pit is 3m (Width) × 5m (Length) × 2m (Depth). It is 
located in Shah Alam, Selangor, Malaysia. The 3 sides of the pit are concreted, while 
the fourth side (front) is retained by a specially designed steel retaining wall. In 
addition, there are two “steel doors” specially located at the steel retaining wall to 
enable the removal of subsoil (Figure 3.1). The boundary effect due to the 4 walls 
confinement on the large-scale model will be discussed in Chapter 4.  
In this model, 1m-long steel H-piles were installed at the bottom as end bearing 
piles with 0.21m-diameter individual steel circular pile caps. The use of these “rigid” 
end bearing piles represents a more conservative condition in terms of the design of 
required geotextile reinforcement. In reality, when piles socket in soil, the piles toe will 
undergo some amount of settlement under high vertical loads. This will lead to the 
mobilization of the contribution of the subsoil beneath the geosynthetic reinforcement 
which is ignored in the tests. As a consequent, the required tensile strength of 
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geosynthetic reinforcement will be smaller than what will be obtained from “rigid” 
end-bearing piles case. In terms of the design of geosynthetic reinforcement, it is more 
critical when the piles are more rigid as simulated in the large-scale model tests. In the 
large-scale model, the piles were arranged in 1.2m equilateral triangular grid with the 
spacing of 2.08m and 1.2m in longitudinal direction (N-S) and transverse direction (E-
W) respectively (Figure 3.2).  
Geosynthetic was used as basal reinforcement in all the large-scale model tests, 
except in Test 4 that had no-geosynthetic at all and served as the control test. In every 
test, extensive instrumentations and continuous data monitoring were carried out 
throughout the test. In addition, after the stabilization achieved with the filling up of a 
predetermined height of fill material, all the soil underneath the geosynthetic sheets 
(called subsoil) was dug out from the front steel doors within a short period of time, in 
order to simulate soil subsidence. In reality, there should be some support from the soft 
soils beneath the geosynthetic reinforcement. However, for very soft soil (such as 
marine clay), the contribution of subsoil is very minimal as the deflection of 
geosynthetic is small. Therefore, for the ease of modelling, the contribution of subsoil 
is ignored in this series of large-scale model tests in order to produce a conservative 
design of GRPE system. After the removal of subsoil, the deformed profile of lower 
geosynthetic can be observed from the bottom of the embankment (Figure 3.3).  
 
3.2 The Configuration of Tests 
 
The total of 9 tests has been conducted using this large-scale model. Table 3.1 
shows the details of the performed large-scale model tests. High strength composite 
geotextile PEC75 was used as reinforcement in the first 3 large-scale tests (i.e. Test 1, 
2 and 3) as well as Test 6 and Test 7, while non-woven and weaker geotextile TS60 
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was used in Test 5. Geogrid, which is named microgrid MG100/100, was used in Test 
8 and Test 9. In Tests 1 to 3, Test 5 and Test 8, two layers of geosynthetic 
reinforcements were perpendicularly cross-laid to provide reinforcement in two 
perpendicular directions. 
The first two large-scale model tests were conducted with different fill heights. In 
Test 1, the embankment was filled up to a predetermined height of 0.5m using sandy 
soil fill. There was no subsequent activity being carried out after the removal of 
subsoil. In Test 2, the predetermined embankment fill height before the removal of 
subsoil was 1.0m. The comparison between Test 1 and Test 2 showed the effect of fill 
height on the performance of GRPE system. After removal of subsoil below 
geotextiles in Test 2, the system was still stable. Thus, an additional 0.5m of soil fill 
was added on top of 1.0m height embankment as surcharge as shown in Figure 3.4, 
which is indicated as Test 2a in Table 3.1. Since the embankment was still stable after 
adding surcharge, static load tests were carried out at three stages in order to verify the 
effectiveness of soil arching contribution in transferring the additional vertical loads to 
the piles, as indicated as Test 2b. Subsequently, in Test 2c, the geotextile sheets were 
cut from the bottom of the model to clarify the presence of soil arching effect in the 
embankment fill.  
In Test 3, residual soil was used as embankment fill. The predetermined height of 
the embankment before the removal of subsoil was 0.5m. After the removal process, 
1.0m-height residual soil was added on top of the 0.5m-height embankment in 3 stages 
(i.e. 0.25m, 0.25m and followed by 0.5m) as surcharge.  
For comparison, a “no-geosynthetic” test, as designated as Test 4, had been 
conducted in order to compare that with the results of geosynthetic reinforced cases.  
In addition, one layer of non-woven geotextile (TS60) with very low stiffness was 
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used as reinforcement in Test 5, in order to compare its performance with geotextile 
PEC75 reinforced cases. In Test 5, the predetermined height of the embankment before 
removal of subsoil was 1.0m.  
In Test 6, two layers of cross-laid PEC75 geotextile sheets were separated by a 
layer of 100mm sand, in order to study the effect of this thin separation sand layer on 
the performance of GRPE system.  
In Test 7, the two layers of geotextiles were cross-laid in such a way that the 
machine directions of geotextile sheets inclined at an angle of +30° and -30° referring 
to the N-S direction (direction along the longitudinal side of test pit).  
In Test 8, two layers of flexible microgrid (MG100/100) with bi-directional tensile 
strength of 100kN/m and aperture size of 5-7mm were used as basal reinforcement. In 
addition, in Test 6 and Test 8, surcharge layers were added on top of the embankment 
after the removal of subsoil.  
In test 9, polystyrene beads were used to simulate highly compressible soft 
foundation soil (e.g. clay) to study the effect of continuous settlement of subsoil on the 
performance of GRPE system. 
This entire comprehensive testing program enables the evaluation of some 
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type Fill type 
1 2 0.5 - - PEC75 Sandy 
2 2 1.0  - PEC75 Sandy 
2a 2 1.0 0.5 - PEC75 Sandy 
2b 2 1.0 0.5 Static load tests PEC75 Sandy 
2c 2 1.0 0.5 Arching observation PEC75 Sandy 
3 2 0.5 1.0 - PEC75 Residual 
4 0 1.0 - - Nil Sandy 
5 1 1.0 - - TS60 Sandy 
6 2 1.0 0.5 Static load tests PEC75 Sandy 
7 2 1.0 0.75 - PEC75 Sandy 
8 2 1.0 0.75 Static load tests MG100/100 Sandy 
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Table 3.2. Evaluation of some effects on the performance of GRPE system 
Item Effect Tests involved for comparison 
1 Effect of fill height Test 1 & 2  
2 Effect of fill material  Test 2 & 3 
3 Effect of the presence of geotextile Test 2, 4 & 8 
4 Effect of the orientation of reinforcement direction with respect to the arrangement of piles Test 2 & 7 
5 Effect of separation soil layer between two layers of geosynthetics Test 2 & 6 
6 Effect of geosynthetic’s stiffness Test 2, 5 & 8 
7 Effect of additional surface static load  Test 2b 
8 Effect of continuous settlement of subsoil Test 8 & 9 
 
3.3 Characteristics of Fill Soil and Simulated Subsoil Used in Large-scale 
Model Tests 
 
The characteristics of the embankment fill material, especially the shear strength of 
the soil, play an important role in determining the efficiency of arching effect. Two 
types of soil were used in the large-scale model tests as embankment fill. Sandy soil 
was used in all the tests, except Test 3 that used residual soil as fill material.  
On the other hand, two types of subsoil were simulated, i.e. low compressibility 
subsoil and high compressibility subsoil. Loose sandy soil without compaction was 
used to simulate low compressibility subsoil in all the first eight tests. In this case, the 
basal reinforcement was expected to deform very minimal after the construction of the 
whole embankment. Conversely, polystyrene beads with high compressibility were 
used to simulate soft foundation soil with high compressibility, such as clay or peaty 
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soil. In this condition, the reinforcement would experience a large deformation during 
the construction stage attribute to the embankment loading.      
 
3.3.1 Sandy Soil 
 
This type of soil was used as embankment fill material and simulated low 
compressibility subsoil. Various properties of the sandy soil were determined using 
methods prescribed in BS1377. The properties of the sandy soil are summarized in 
Table 3.3. Details of the tests performed on sandy soil are attached in Appendix B. 
 
3.3.2 Residual Soil 
 
Residual soil was used as embankment fill material in Test 3. The properties of this 
residual soil that consists of approximate 5% clay and 32% silt are summarized in 
Table 3.4. Details of the tests performed on residual soil are attached in Appendix C. 
 
Table 3.3. Properties of sandy soil used as embankment fill 
 
Properties Value Unit 
Specific gravity 2.65 - 
Internal angle of friction (effective) 38 ° 
Cohesion (effective) 13 kN/m2 
Optimum moisture content 11.4 % 
Maximum dry unit weight 19.4 kN/m3 
Minimum dry unit weight 14.9 kN/m3 
In-situ moisture content 6 – 10 % 
In-situ bulk unit weight of subsoil 17.1 kN/m3 
In-situ bulk unit weight of embankment fill 19.0 kN/m3 
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Table 3.4. Properties of residual soil used as embankment fill 
 
Properties Value Unit 
Specific gravity 2.77 - 
Internal angle of friction (effective) 31 ° 
Cohesion (effective) 2.9 kN/m2 
Optimum moisture content 15.5 % 
Maximum dry unit weight 17.8 kN/m3 
Minimum dry unit weight 10.6 kN/m3 
Liquid limit 39 % 
Plastic limit 19 % 
Plasticity index 20 % 
In-situ moisture content 16.7 % 
In-situ bulk unit weight 15.9 kN/m3 
 
3.3.3 Polystyrene Beads as Simulated High Compressibility Soft Soil 
 
In Test 9, polystyrene beads with density of 1700kg/m3 were used to simulate the 
soft foundation soil with high compressibility that can be found commonly in the 
construction site of GRPE system. The influence of this weak material with respect to 
the settlement related problem on the GRPE system will be studied.  
A 1-D compression test was conducted using a large sample size of 190mm 
diameter with 500mm height to study the compressibility properties of polystyrene 
beads. Before conducting the compression test, the void ratio of the polystyrene was 
determined by measuring the actual void volume in the polystyrene beads fitted in an 
airtight container. The airtight container has two outlets: the one on top was connected 
to a vacuum suction machine and another outlet at the bottom of the container 
Chapter 3: Large-Scale Model Tests in the Field 
 56
connected to a burette. The air in the airtight container was sucked out by the vacuum 
pump and its volume was measured based on the replaced water from the burette. The 
airtight container setup is shown in Figure 3.5. The initial void ratio of the polystyrene 
beads was found to be 1.185. 
An open-ended cylinder made of Perspex with 190mm inner diameter by 500mm 
height was fabricated and used to conduct the 1-D compression test on polystyrene 
beads. Initially, a cylindrical metal dead weight container of 4.1kg was placed on the 
column of polystyrene beads. The settlement of the polystyrene column was measured 
by two LVDTs on two opposite sides. For every half an hour interval, a subsequent 
dead weight of 10kg was added in order to increase the pressure exerting on the beads. 
The setup is shown in Figure 3.6. Figure 3.7 shows the e - log p’ curve of this 1-D 
compression test on polystyrene beads. The compression index, CC value for this type 
of polystyrene beads was found to be 0.419.  
 
3.4 Characteristics of Geosynthetics Used in Large-scale Model Tests 
 
The three different types of geosynthetic used in this series of large-scale model 
tests are products of Polyfelt Ges.m.b.H, Austria. Rock PEC75 was used as 
reinforcement in the first 3 large-scale tests (i.e. Test 1, 2 and 3) as well as in Test 6 
and Test 7. This high strength composite geotextile consists of mono-direction 
polyester yarns stitched on non-woven polypropylene geotextile (Figure 3.8a). This 
type of geotextile provides high modulus characteristics for reinforcement application 
to allow high tensile strength mobilization at low elongation. In addition, it has high 
in-plane drainage capacity for quick dissipation of excess pore water pressure, as well 
as high installation survivability by providing effective protection on the reinforcing 
yarns. It has ultimate strength of 75 kN/m and 14kN/m in machine direction (MD) and 
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cross-machine direction (CD) respectively. The machine direction (MD) is referred to 
the polyester reinforcement yarns running direction. By contrast, the cross-machine 
direction (CD) is the direction that perpendicular to the MD. Its strain at break in MD 
and CD are 13% and 60% respectively. Technical details of the PEC75 are provided in 
Appendix D1. 
In Test 5, TS60 (Figure 3.8b) was used as reinforcement to replace PEC75. It is 
100% polypropylene, continuous filament and UV stabilized non-woven needle 
punched geotextile. It has ultimate strength of 19kN/m in both MD and CD. Its strain 
at break in MD and CD are 80% and 35% respectively. Technical details of the TS60 
are provided in Appendix D2. 
In the last two tests (Test 8 and Test 9), flexible microgrid MG100/100 (Figure 
3.8c) with bi-directional tensile strength of 100kN/m and aperture size of 7±2mm was 
used as basal reinforcement. Its strain at break in both MD and CD is 11%. It is 
manufactured from high tenacity polyester (PET) yarns with polymeric coating and 
knitted to form structured grids. Technical details of the MG100/100 are provided in 
Appendix D3. 
 
3.5 The Orientation of Main Reinforcement Direction 
 
The main function of the geosynthetic reinforcement at the base of the piled 
embankment is to act as a tensioned membrane in supporting the weight of the yielded 
soil in embankment between adjacent pile caps. In this case, the horizontal soil 
movement occurs in both longitudinal and transverse directions. Thus, bi-directional 
reinforcements are needed for GRPE system.  
Although the bi-directional strength geotextile product, like PEC75/75, which has 
high tensile strength in two perpendicular directions. However, it is not practically 
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used as basal reinforcement in the construction of piled embankment over soft soil. 
This is due to the difficulty of providing sufficient overlapping length to transfer a high 
value of reinforcement strength across transverse direction of 2 adjacent geosynthetic 
sheets, as each role of geosynthetic only has a limited width of 4-5m. Consequently, it 
is very costly to provide a sufficient overlapping of 3 to 5m in transverse direction 
(Figure 3.9). Alternatively, 2 separate layers of mono-directional geosynthetic 
reinforcements were perpendicularly cross-laid in order to eliminate the need of 
overlapping in transverse direction (Figure 3.10). As a result, in most of the tests, 2 
layers of mono-directional geosynthetic were perpendicularly cross-laid, in order to 
provide bi-directional reinforcements (Table 3.5). 
In addition, it is expected that the orientation of reinforcement direction of 
geosynthetic reinforcement may have an effect on the performance of GRPE system. 
Therefore, in Test 7, the two layers of geotextiles PEC75 were cross-laid at the 
machine directions of geotextiles inclined at an angle of +30° and -30° with reference 
to the N-S direction (direction along the longitudinal side of test pit). The comparison 
between Test 7 and Test 2 will indicate the effect of the orientation of reinforcement 
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1 High strength geotextile PEC 75 2 
 
2 High strength geotextile PEC 75 2 
 
3 High strength geotextile PEC 75 2 
 







6 High strength geotextile PEC 75 2 
 
7 High strength geotextile PEC 75 2 
 
8 Microgrid MG100/100 2 
 
9 Microgrid MG100/100 1 
 
* Detailed information of the geosynthetic is given in Section 3.4 
 
3.6   Instrumentation Scheme 
 
In those large-scale tests, extensive instrumentations were installed in the model 
and geotextile sheets in order to collect data and to monitor the performance of this 
system during the test. Instruments used are categorized and discussed according to 
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their functions. The locations of load cells (LCs) and linear variable displacement 
transducers (LVDTs) in Test 1, 2 and 3 are shown in Figure 3.11. Figure 3.12 shows 
the locations of total pressure cells used in Test 1, 2 and 3. The locations of strain 
gauges on upper geotextile and lower geotextile in Test 1 are shown in Figure 3.13 and 
Figure 3.14 respectively. The locations of the instruments in other large-scale model 
tests were similar except some shifting of locations of strain gauges and total pressure 
cells, as shown in Appendix E. 
 
3.6.1 Measurement of Surface Settlement 
 
Surface settlements of the embankment due to the removal of subsoil are recorded 
using an electromagnetic distance measurement device, commonly known as EDM. 
TPS300, a product of Leica Geosystem in Switzerland, is used for the surface 
settlement measurement in the testing series. The initial surface coordinates are 
measured at designated grid-liked fixed points. Then, a second set of measurements is 
taken after the removal of subsoil. The depth of settlement at each grid point is 
computed from the difference in level. 
 
3.6.2 Measurement of Soil Stresses 
 
Total pressure cells were used to measure the vertical stresses in the embankment 
fill on certain critical locations. Weiler and Kulhawy (1982) had categorized factors 
affecting stress cell measurements in soil into three main categories: (a) stress cell 
properties and geometry, (b) properties of soil in which the cell is placed, and (c) 
environmental condition. In order to obtain reliable stress reading, all these factors 
must be considered in the selection of stress cell.  
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Weiler and Kulhawy (1982) recommended that the ratio of thickness to diameter 
(T/D) of a stress cell must not greater than 0.2, in order to minimize error caused by 
cell thickness. Another important consideration is the non-uniform stress distribution 
over the stress cell due to the influence of soil grain size. The soil grain size must be 
sufficiently small relative to the stress cell diameter to avoid “point load” effect. 
Therefore, Kallstenius and Bergau (1956) recommended that the active cell diameter 
(d) to mean soil grain size ratio (D50), d/D50, to be greater than 50 so that the error from 
point loading can be reduced to less than 3%. However, Weiler and Kulhawy (1982) 
found that the ratio of d/D50 only need to be greater than or equal to 10 to avoid “point 
load” effect. TML KDE-500KPA stress cell is selected and to be used in the large-scale 
model tests. This type of stress cell has a T/D ratio close to 0.2 and d/D50 ratio of 45.5, 
hence the size of the stress cells selected is considered to be appropriate. 
Another important consideration taken in the selection of stress cell is the working 
range of the stress cell. Some stress cells were placed directly above pile cap at 
different depth. Hence, the stress cell must be robust enough to sustain both the high 
compaction stresses and the increment of stress due to the presence of soil arching. In 
addition, the stress cell must be able to measure stress imposed by extra surface 
loading pressure during static load test. With these concerns in mind, 500kPa capacity 
stress cells were selected for vertical stress measurements. The sensitivity of this stress 
cell is about 0.44 to 0.52kPa/με, which is considered to be sufficient in the test. 
To obtain reliable reading of stress in the soil, in-soil calibration test of the stress 
cell were performed as suggested by Weiler and Kulhawy (1982). Figure 3.15 
illustrates the test setup for the in-soil stress cell calibration. The steel calibration 
chamber of 200mm inner diameter and 300mm high was used. The inner wall of the 
calibration chamber was heavily greased to minimize side friction with the soil. In the 
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large-scale model tests, the unit weight of the soil was 19kN/m3 and the stress cells 
were placed at 125mm interval. In this in-soil calibration test, the first layer of soil was 
compacted to about 125mm thickness at the average unit weight of 19kN/m3, and then 
stress cell was placed at the centre of the calibration chamber. Finally, the top layer of 
soil (125mm thickness) was compacted to almost the same unit weight. After that, the 
upper surface of the soil was leveled before the placement of the loading plate. A load 
cell was placed in between the loading plate and the hydraulic compressor arm to 
measure the applied vertical load. In addition, a linear variable displacement transducer 
(LVDT) was placed on top of the loading plate to monitor the plate settlement during 
each loading stages. The final setup of the stress cell calibration test is shown in Figure 
3.16. 
A hydraulic compressor was used to provide constant static load to the loading 
plate at 50kPa stress increment. Each load stage was maintained until the rate of plate 
settlement was less than 0.01mm per minute. The change in strain of the stress cell was 
recorded by the strain-meter. The measured stress was obtained by multiplying the 
fluid calibration factor, which is obtained from the manufacturer of the stress cell, to 
the change in strain of the stress cell. The applied stress from the loading plate was 
compared to the measured stress by the stress cell. 
Two in-soil stress cell calibration tests were conducted over 2 consecutive loading-
unloading cycles. The measured stresses over the 2 consecutive loading-unloading 
cycles in each test were plotted against the applied stresses using the hydraulic 
compressor as shown in Figure 3.17. The measured values during the loading stages 
for both Cycle 1 and Cycle 2 lie below the 45o straight line indicating that the 
measured stress under-registered the actual applied stress. Taking the average ratio of 
the measured stress value to the actual applied stress value will yield an average 
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registration ratio of 0.82 and 0.87 for Cycle 1 and Cycle 2 respectively. During the 
unloading stages, the measured values dropped very slow at the beginning but very fast 
at the two last unloading stages. Taking the best fitted linear lines, the registration 
ratios for Cycle 1 and Cycle 2 are 0.92 and 0.94 respectively. This means that the 
measured stresses by the stress cell under the similar soil condition will under-register 
the actual stress by about 13-18% during the loading process and 6-8% during the 
unloading process. The under-registration is still acceptable within the experimental 
error. Under-registration of stress with the stress cells may be attributed to the soil-
arching above the stress cell. 
 
3.6.3 Measurement of Geosynthetic Strain  
 
Strain gauges were attached on the geosynthetic sheets to measure the strain and 
tensile force in the sheet in both machine and cross-machine directions. The model 
number of the strain gauge used is YFLA-20 and produced by Tokyo Sokki Kenkyujo 
Co. Ltd., Japan. It can record up to 20% localized strain, which is more than the strain 
at break in MD for both geotextile PEC75 (13%) and microgrid MG100/100 (11%).  
The selected type of strain gauge was attached on the geosynthetic sheet following 
the improved NUS strain gauging method (Leong, 2003). Figure 3.18 shows the 
schematic diagram of strain gauging method employed in the large-scale model tests. 
Firstly, a thin layer of silicone glue (Shin-Etsu Silicone) was applied on the base of 
strain gauge and the surrounding of connecting terminal. The two ends of the strain 
gauge are then bonded onto the geosynthetic using araldite, which is a fast setting 
adhesive. This adhesive was to ensure a good bonding between the strain gauge and 
the geosynthetic so that shear deformation and slippage of the adhesive can be 
minimized. The silicone base and the araldite ends form a water-proofing base for the 
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strain gauge. Before the araldite bases were set, the top exposed ends of the strain 
gauge were covered with araldite to enhance the bonding between the strain gauge and 
the geosynthetic. The connecting terminal was also bonded onto the geosynthetic with 
araldite. The whole attachment was allowed to set before the strain gauge wire and 
lead wire to the strain-meter were soldered onto the connecting terminal. After that, the 
lead wire was bonded onto the geosynthetic with araldite. Finally, a layer of silicone 
glue would be spread evenly over the entire attachment (Figure 3.19). This is to protect 
the strain gauge attachment from moisture and construction stresses. The whole strain 
gauge attachment was allowed to cure for at least 24 hours. 
The strain measured by strain gauge on the geosynthetic will be different from the 
actual strain experienced by the geosynthetic at the same location without the strain 
gauge. The placement of strain gauge with any strain gauging techniques will induce a 
stiffening effect to the geosynthetic. This phenomenon has been highlighted and 
agreed by many researchers. Calibration test has to be performed in order to obtain a 
reliable strain response from the strain gauge and to make correction for the stiffening 
effect induced by the strain gauging techniques (Sluimer and Risseeuw, 1982). Wide-
width tensile test is generally used to calibrate the response of any strain gauging 
techniques (Ng et al., 1999 and Chew et al., 2000). By comparing the global strain 
(average strain experienced by geosynthetic) to the local strain recorded by the strain 
gauge during the wide-width tensile test, calibration factor (CF) as defined by the 
following expression can be calculated:  
 
  Calibration Factor (CF) = Global Strain / Local Strain      (3.1) 
 
Wide-width tensile test with video extensometer strain measurement was used for 
the calibration of strain gauge. The unclamped specimen size was 200mm width by 
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100mm length. Instron tensile machine with loading capacity up to 50kN was used 
with hydraulic jaw clamps. Global strain of the geosynthetic measured with video 
extensometer was based on gauge length of 60mm although the distance between the 
clamps was 100mm. Tests were performed at strain rates of 20% per minute as 
according to EN ISO 10319.  
Three strain-gauged specimens were prepared for every type of geosynthetic used 
in the large-scale model tests. The responses for the high tensile strength geotextile 
Rock PEC75 and microgrid MG100/100 with respect to applied tensile force were 
quite linear and can be represented by a single calibration factor. For high tensile 
strength geotextile Rock PEC75, the average calibration factors for machine direction 
and across-machine direction are 0.9743 and 0.7765 respectively. On the other hand, 
for microgrid MG100/100, the average calibration factors for machine direction and 
across-machine direction are 1.0029 and 1.2077 respectively. The detailed results of 
the calibration tests can be obtained in Appendix F.  
 
3.6.4 Measurement of Vertical Displacement of Geosynthetic 
 
Linear variable displacement transducers (LVDTs) were installed at certain critical 
positions in the model to measure the vertical displacement of lower geosynthetic 
sheet. All the LVDTs used, with model number SDP-200D and capacity of 200mm 
displacement, are produced by Tokyo Sokki Kenkyujo Co. Ltd., Japan. 
In addition, perpendicular sets of grid lines were drawn on the bottom face of the 
lower geosynthetics sheet in order to reveal the deformed profile of the lower 
geosynthetic sheet and to compute the average strain of the geosynthetics based on the 
measured deformation at the grid points after removal of subsoil. 
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3.6.5 Measurement of Vertical Load Exerted on Pile Cap 
 
Load cells were installed between pile caps and piles to measure the vertical load 
exerted on piles. Those 30-tonne capacity load cells used in the tests are manufactured 
by Tokyo Sokki Kenkyujo Co. Ltd., Japan.  
Calibration test has been carried out to ensure that the load cells are in good 
condition and able to response correctly with respect to the applied load. The results of 
the calibration tests show that the measured loads recorded by load cells are very close 
to the applied loads (Figure 3.20). The differences between the measured loads and 
applied loads are within 5%, which is still acceptable within the experimental error. 
 
3.6.6 Data Logging System 
 
Strain-meter TML TDS-303 was used as a data logger to record readings from load 
cells, linear variable displacement transducers, strain gauges and total pressure cells.       
 
3.7 Procedures of Conducting Large-Scale Model Tests 
 
The key steps in the sequence of conducting large-scale model tests in the test pit 
are summarized in Table 3.6 and photographically shown in Figure 3.21.  
All the measuring devices were installed in the large-scale model. After that, 
subsoil was filled to the pile cap level, followed by laying of geosynthetic 
reinforcement (1 layer or 2 layers) on top of it. Fill soil was then placed on it layer by 
layer, with compaction similar to the site operation. After the stabilization achieved 
with the filling up of a predetermined height of fill material, all the subsoil underneath 
the geosynthetic reinforcement sheets was dug out from the front steel doors to 
simulate a soil subsidence. In some cases, additional surcharge layers were placed on 
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top of the embankment after the removal of subsoil. Particularly in Test 2b, Test 6 and 
Test 8, static load tests were carried out subsequently. Instrumentation readings were 
taken throughout every test. 
 
Table 3.6. Key steps of conducting large-scale tests 
 
Step Description Figure 3.21 
1 Installing load cells and LVDTs in the model a 
2 Filling up subsoil (i.e. loose sandy soil or polystyrene beads) until the pile caps level b 
3 
Installing the steel frame with instrumented geosynthetic on 
top of the pile caps (for Tests 1 to 3 and Tests 5 to 8 only). 
(In Test 9, the instrumented geosynthetic sheet was laid freely 
on top of the pile caps with 0.5m fold-back at 4 sides) 
c, d 
4 Constructing a predetermined height of embankment fill on top of the geosynthetic e 
5 Compacting embankment fill at every layer of 0.25m soil fill. f 
6 
After stabilizing, removing the subsoil completely from the 




Subsequent action  
(Adding a predetermined height of fill material as surcharge or 
static load such as 5-tonne backhoe, 1.2-tonne pickup truck 
and reinforced concrete blocks etc) 
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Figure 3.6. 1-D compression test setup 
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         (a)               (b) 
 




















Figure 3.8. Geosynthetics used in large-scale model tests (a) High tensile strength 
























Figure 3.9. Required lap length for transferring reinforcement strength in longitudinal 

























Figure 3.10. Elimination of overlapping in transverse direction when using 2 separate 
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Figure 3.12. Plan of locations of total pressure cells used in Test 1, 2 and 3 
 

































Test 1 - Upper Geotextile
 
 












































Test 1 - Lower Geotextile
 
 
































Figure 3.15. Schematic diagram of the setup for in-soil stress cell calibration test 
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Figure 3.17. Measured and applied vertical stresses over 2 consecutive loading-
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Figure 3.18. Schematic diagram of strain gauging method (after Leong, 2003) 
 
 
Figure 3.19. A completed strain gauge attachment 
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            (a) Installing load cells and LVDTs              (b) Filling up subsoil  
 
            
          (c) Fixing geosynthetic on the frame           (d) Installing steel frame  
 
            
                (e) Constructing embankment          (f) Compacting embankment fill 
 
            
                       (g) Removing subsoil               (h) Adding surcharge layer 
 
            
                (i) Loading a 5-tonne backhoe       (j) Loading 4 RC blocks in Test 2b 
 
Figure 3.21. Key steps of conducting large-scale tests 
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Chapter 4 
Evaluation of Boundary Effect on  
Large-scale Model Using FEM 
 
 
4.1   Introduction 
 
The test pit used for the large-scale model tests, which was discussed in Chapter 3, 
was confined by reinforced concrete walls on 3 sides and steel retaining wall on the 
fourth side. In this case, the boundary effect due to the wall friction may affect the 
results. Therefore, supplementary numerical analysis is carried out to evaluate the 
boundary effect on the large-scale model. Finite element program PLAXIS 3D Tunnel 
version 1.2 was used to model the GRPE system. This numerical analysis aims to 
study the influenced zone of the boundary wall friction on the physical large-scale 
model. In this study, two cases will be modelled: (1) model with exact dimensions of 
the physical large-scale model with the 4 surrounding walls, and (2) model with a total 
area equals to 4.6 times of the physical large-scale model and without wall is modelled. 
The comparison between the two cases will indicate the influence of boundary effect 
on physical large-scale model. 
 
4.2  Mesh Generation  
 
The generation of 3D finite element model begins with the creation of a vertical 
cross-section model and then followed by the generation of 2D mesh. This 2D mesh is 
then extended into the third dimension (i.e. the z-direction) for a specific length. This 
is done by specifying a series of vertical planes at specific z-coordinate. These vertical 
planes at various z-coordinates must be the same in geometry. In the 3D model, 
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vertical planes at specified z-coordinates are referred to as z-planes, whereas volume 
between two z-planes is denoted as slice (Figure 4.1). PLAXIS will generate a 3D 
element within a slice based on the objects defined in 2D x-y planes. The 3D element 
is created by projecting each corner of the 2D triangular elements to z-direction till the 
next z-plane. The 3D elements are essentially 15-noded horizontal wedge elements. 
Each 15-noded wedge element consists of 6-node triangles in x-y direction and 8-node 
quadrilaterals in z-direction. In this 3D model, each z-plane is similar in geometry and 
must include all objects that are modelled in x-y plan. In other words, there is no 
variation in geometry in z-direction. This generation of 3D horizontal wedge elements 
is repeated at each slice. Therefore, the model is essentially a pseudo-3D model with 
basically 2D mesh characteristics. The activation and deactivation of objects at each 
slice (i.e. change of material properties of the wedge element within the slice) can be 
done for each slice individually at any calculation phase. 
 
4.3  Finite Element Models  
 
Two cases will be modelled to evaluate the boundary effect on large-scale model 
that being described in Chapter 3. In Case 1, the dimensions of the model are exactly 
the same as the large-scale model that was discussed in Chapter 3. The 3 sides of the 
test pit are concreted, while the fourth side (front) is retrained by a steel retaining wall.  
In this modelling, the ∅0.21m H-steel piles are modelled as square steel blocks 
with side length of 0.21m. In addition, the 0.15m-thick RC walls and 0.1m-thick steel 
wall are modelled to confine the embankment in Case 1. As mentioned in the above 
section, the 3D mesh is actually an extension of a 2D cross-section. In order to view 
the results in two perpendicular directions, i.e. N-S direction (longitudinal direction) 
and E-W direction (transverse direction), two cross-sections have to be created and 
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modelled separately. Figures 4.2 and 4.3 show the cross-section model (x-y plan) and 
boundary conditions along N-S direction and E-W direction respectively. After that, 
2D mesh was generated from cross-section model (Figure 4.4). Subsequently, the 
number and dimensions of slices in z-direction were specified to generate 3D mesh 
(Figure 4.5).  
 In Case 2, a model without walls and with a total area of 4.6 times of that of the 
physical large-scale model was modelled. The model is dimensionally about 3-time of 
the physical size in E-W direction and 2-time of the physical size in N-S direction. In 
addition, the boundary condition of x-y plan is modelled such that it is allowed to slide 
in y-direction. Figure 4.6 shows the cross-section model (x-y plan) and boundary 
conditions for Case 2. The generated 2D mesh and 3D mesh for Case 2 are shown in 
Figures 4.7 and 4.8 respectively. 
 
4.4    Material Properties 
 
Hardening Soil model is used to simulate the soil behaviour of the sandy 
embankment fill. Schanz et al. (1999) stated that the basic idea for the formulation of 
the Hardening Soil model is the hyperbolic relationship between the deviatoric stress, 
q, and the vertical strain,ε1, in primary triaxial loading. In contrast to an elastic 
perfectly-plastic model, the yield surface of a hardening plasticity model is not fixed in 
principle stress space, but it can expand due to plastic straining. This Hardening Soil 
model contains two main types of hardening: shear hardening and compression 
hardening. Shear hardening is used to model irreversible strains due to primary 
deviatoric loading. On the other hand, compression hardening is used to model 
irreversible plastic strain due to primary compression in oedometer loading and 
isotropic loading.  
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Those soil parameters used in the Hardening Soil model (Table 4.1) are obtained 
based on both laboratory tests results of these soils used as well as some well-
established values for these kinds of soils (Plaxis 3D Tunnel Manual, 2001 and Head, 
1994).  
 
Table 4.1. Properties of sandy fill in Hardening Soil model 
 
Material type Drained 
Unsaturated unit weight, γunsat (kN/m3) 19 
Saturated unit weight, γsat (kN/m3) 19 
Effective angle of friction, φ’ (°) 38 
Effective cohesion, c’ (kN/m2) 13 
Angle of dilatancy, ψ (°) 4.0 
Effective unloading Poisson’s ratio, νur’ 0.2 
Reference secant stiffness modulus, refE50  (kN/m
2) 36000 
Reference tangential oedometer stiffness modulus, refoedE  36000 
Reference unloading stiffness modulus, refurE  108000 
Reference pressure, pref  (kN/m2) 100 
Power for stress-dependency of stiffness, m 0.5 
Failure ratio, Rf 0.9 
Reduction factor, Rinter 0.67 
 

















φσφ             (4.1) 
















φσφ             (4.2) 
  
The sandy subsoil supporting the embankment was simulated as linear elastic 
material. In the modeling, the elastic modulus of this subsoil was reduced in 4 steps 
until close to soil failure, in order to simulate the progress of subsoil removal. The soil 
parameters used are shown in Table 4.2. 
For Case 1, anchor was used to simulate the fixing of geosynthetic reinforcement 
on a steel frame in the large-scale model tests. The anchor was modelled as elastic 
spring element with constant spring stiffness (normal stiffness). Table 4.3 summarizes 
the properties of the geosynthetic and the anchor used in the modelling. 
 
Table 4.2. Properties of subsoil in Linear Elastic model 
 
Material type Drained 
Unsaturated unit weight, γunsat (kN/m3) 17 
Saturated unit weight, γsat (kN/m3) 18 
Elastic modulus, E (kN/m2) 20000 
Poisson’s ratio, ν’ 0.25 
 
Table 4.3. Properties of geosynthetic and anchor 
Description Geosynthetic Anchor 
Tensile stiffness modulus, J (kN/m) 909 - 
Elastic axial stiffness, EAG (kN/m) 909 - 
Normal stiffness, EA (kN) - 909 
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The steel piles, steel retaining wall and reinforced concrete wall are modelled as 
non-porous linear elastic materials. Table 4.4 summarizes the structural properties of 
the steel piles and steel retaining wall as well as reinforced concrete wall. 
 











Steel pile  210mm × 210mm 190 0.27 78 
Steel retaining 
wall 0.1m thick 190 0.27 78 
Reinforced 
concrete wall 0.15m thick 28 0.22 24 
 
4.5  Construction  
 
Table 4.5 shows the calculation sequence in performing the 3D finite element 
analysis in PLAXIS. In Phase 1, the wall in front and the rear as well as the piles were 
activated by assigning the properties of the steel/concrete to the respective element 
clusters. In addition, the geosynthetic and anchor were also activated in this phase. 
After that, the 1m-height embankment was constructed above the geosynthetic 
reinforcement. Subsequently, the elastic modulus of the subsoil was reduced in 3 steps 
to approximately simulate the effect of progressive removal of subsoil. This is to 
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Table 4.5. Calculation sequences 
 
Phase Description 
1 Activate front wall, rear wall, piles, geosynthetic and anchor  (with subsoil elastic modulus, E = 20000kN/m2) 
2 Construct the 1m-height embankment  
3 Reduce the subsoil elastic modulus (E) to 10000kN/m2 
4 Reduce the subsoil elastic modulus (E) to 5000kN/m2 
5 Reduce the subsoil elastic modulus (E) to 1000kN/m2 
 
 
4.6   Results and Discussions 
 
Two cases were be modeled and analyzed: Case 1 was modelled with exact 
dimensions of the physical large-scale model with the 4 surrounding walls, and Case 2 
was modelled with a total area equals to 4.6 times of the physical large-scale model 
and without wall. The comparison between the two cases involve surface settlement 
formation, vertical displacement, shear strain distribution, effective mean stresses 
concentration, and principle stresses rotation. 
The results of Case 1 show that the surface settlement at the centre of the model 
(i.e. the area that is bounded by the 4 piles at the centre) was 3.5-4.5mm, as shown in 
Figure 4.9, when the elastic modulus (E) of subsoil was reduced to 1000kN/m2. In 
Case 2, Figure 4.10 shows that the surface settlement at the centre of the model at this 
stage was 3.5-4mm, which is practically the same as Case 1. This shows that the centre 
of the physical large-scale model that bounded by 4 piles is not affected by the 
boundary. Thus, the boundary effect will not affect the results.  
Figures 4.11 and 4.12 show the cross-sections of vertical displacement for different 
values of elastic modulus (E) of subsoil in Case 1 (both N-S and E-W directions) and 
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Case 2 respectively. It can be noticed that the vertical displacement increased 
significantly due to the reduction of elastic modulus (E) of subsoil. The vertical 
displacement at the centre of the model, when the elastic modulus (E) of subsoil was 
reduced to 1000kN/m2, was 3.5-4.0mm and 3.25-4.0mm for Case 1 and Case 2 
respectively. In addition, it can be noticed that the soil fill at the centre of the physical 
large-scale model was free to settle and did not subject to boundary effect that 
attributed to wall friction. In this case, only the portion of soil fill that closes to the 
walls will subject to boundary effect. It can be observed that the influenced zone of 
boundary effect is about half of the distance from the outer edge of the pile to the wall 
in both N-S and E-W directions. As a result, the development of soil arching effect at 
the centre of the model was not affected by the boundary effect.  
The shear strain results of Case 1 (dotted circles in Figure 4.13) clearly show that 
the influence zone of boundary effect on physical large-scale model. It can be noticed 
that relatively higher shear strains has developed at the interface between embankment 
fill and wall due to wall friction. In this case, the influenced zone of boundary effect is 
about one third of the distance from the outer edge of the pile to the wall in both N-S 
and E-W directions. Figure 4.14 shows the cross section C-C of shear strains in Case 2. 
Regarding the shear strain distribution near the pile caps, it can be seen that the soil fill 
within 0.4-0.5m from the pile caps experienced high shear strains due to arching effect. 
The shear strains at the centre of the model for Case 1 and Case 2 were 0–0.4% and 0-
0.2% respectively, when the elastic modulus (E) of subsoil was reduced to 1000kN/m2. 
This shows that the shear strain at the centre of the model was not influenced by 
boundary effect. Even the highly concentrated shear strain near the pile caps for both 
cases were about similar, i.e. 0.4–2.0% in Case 1 and 0.2-1.6% in Case 2. 
The effective mean stresses results of both Case 1 and Case 2 show that the 
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effective mean stresses of the soil mass located at 0.4-0.5m directly above the pile caps 
were very high due to arching effect (Figures 4.15 and 4.16). The highly concentrated 
effective mean stresses near the pile caps for both cases were about similar, i.e. 20-
120kN/m2 in Case 1 and 20-140kN/m2 in Case 2. At the centre of the model, both 
cases recorded maximum effective mean stresses of 20kN/m2. Once again, this 
indicates that boundary effect at the centre of the model is insignificant. 
Figures 4.17 and 4.18 show the effective principal stresses in Case 1 and Case 2 
respectively, where the length of the lines indicates the relative magnitude of the 
principal stresses and the orientation of the lines indicates the principal directions. The 
results show that the effective principle stresses vectors for Case 1 and Case 2 were 
very similar. In-between the piles, the vertical principal stresses in the soil were very 
small. Conversely, the soil column of approximately 0.4-0.5m height located directly 
the pile caps showed relatively large vertical principal stresses due to soil arching 
effect.  
A few points were selected from Case 1 (in E-W and N-S directions) and Case 2 
in order to make comparison (Figure 4.19). Six points were selected from two 
different levels, i.e. 30mm above pile caps level (A,B,C) and 500mm above pile 
caps level (D,E,F), to compare the vertical displacement results. The results of final 
vertical displacement in y-direction (Uy) for different values of elastic modulus (E) 
of subsoil are listed in Table 4.6. The comparison shows that at the same positions, 
Uy for Case 1 (with walls) is within ±8.6% of the results of Case 2 (no walls). This 
shows that the boundary effect imposed by the presence of the walls as in Case 1 is 
very minimal. 
Similar 6 points were selected for the comparison of stress and strain results. The 
shear strain in x-y plane (γxy), the mean effective stress (p’) and the largest effective 
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principle stress (σ’1) at these six points when the elastic modulus (E) of subsoil was 
reduced to 1000kN/m2 were compared. The results are summarized in Table 4.7. The 
comparison shows that at the same positions, the stress and strain for Case 1 (with 
walls) are within ±29% of that of Case 2 (no walls). While the error is larger than 
the corresponding error in vertical displacement at y-direction (Uy), it is still 
considered as fairly good comparison as the stress and strain are derived parameters 
which are less accurate compared to the primary variable, i.e. displacement in FEM. 
Hence, the stress and strain results also indicate that the boundary wall effect is 
neglectable. 
 
4.7  Correction of Conceptual Tributary Area 
 
Assuming infinite extend in x and y directions, a conceptual tributary area of pile 
for the 1.2m equilateral triangular grid configurations will be a 1.248m2 hexagonal 
unit, as shown in Figure 4.20. 
As the physical large-scale model is still influenced by boundary effect, correction 
has to be made in dividing the conceptual tributary areas. It is difficult to quantify the 
amount of boundary effect on the model. Referring to the results of vertical 
displacement and shear strains from 3D FEM analysis, it can be qualitatively noticed 
that the influence zone is about half of the distance from the outer edge of the pile to 
the wall. Therefore, in the correction of tributary area, it is assumed that the 
embankment load will be distributed equally to the wall and pile at the boundary of the 
model. In other words, in dividing the boundaries of idealized tributary areas, the wall 
is assumed to share half of the embankment load with the closest pile. In this case, the 
tributary areas of Pile 2 and Pile 4 in E-W direction will be influenced by boundary 
effect. On the other hand, the tributary areas of Pile 1 and Pile 3 in N-S direction will 
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not be influenced by boundary effect as the two tributary areas are outside the 
boundary effect influenced zone. After the correction, the tributary areas for N-S 
direction (Pile 1 and Pile 3) and E-W direction (Pile 2 and Pile 4) become 1.380m2 and 
1.158m2 (Figure 4.21). The difference is about 11% and 7% for N-S direction and E-W 
direction respectively. 
 
4.8  Concluding Remarks 
 
3D finite element program PLAXIS 3D Tunnel Version 1.2 was used to model the 
piled embankment without geosynthetic reinforcement. The aim of this numerical 
analysis is to study the extent of the zone of influence of the presence of boundary 
walls on physical large-scale model. In this study, two cases will be modelled: (1) 
model with exact dimensions of the physical large-scale model with the 4 surrounding 
walls, and (2) model with a total area equals to 4.6 times of the physical large-scale 
model and without wall is modelled. The comparison between the two cases will 
indicate the influence of boundary effect on present large-scale model. 
The results show that the centre of the large-scale model that bounded (i.e. the area 
that is bounded by the 4 piles at the centre) is not affected by the boundary effect. The 
soil mass at the centre of the large-scale model is free to settle and does not subject to 
boundary effect that attributed to wall friction. As a result, the development of soil 
arching effect at the centre of the model was not affected by the boundary effect. In 
this case, the influenced zone of boundary effect is about half of the distance from the 
outer edge of the pile to the wall in both N-S and E-W directions. In addition, the 
results also indicate that the soil fill located at approximately 0.5m above the pile caps 
experienced high shear strains and effective mean stresses due to soil arching effect. 
A conceptual tributary area of pile for the 1.2m equilateral triangular grid 
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configurations as in the large-scale model without boundary effect will be a 1.248m2 
hexagonal unit. In the correction of tributary area, it is assumed that the embankment 
load will be distributed equally to the wall and pile at the boundary of the model. After 
the correction, the tributary areas for N-S direction (Pile 1 and Pile 3) and E-W 
direction (Pile 2 and Pile 4) become 1.380m2 and 1.158m2 respectively.  
 














E = 20000kN/m2 
A -0.47 -0.50 -0.49 -0.50 -0.01 3.00 
B -0.07 -0.05 -0.06 -0.06 -0.00 0.00 
C -0.51 -0.48 -0.50 -0.50 -0.01 1.00 
D -0.77 -0.78 -0.78 -0.76 0.02 -1.97 
E -0.69 -0.70 -0.70 -0.76 -0.07 8.55 
F -0.73 -0.73 -0.73 -0.77 -0.04 5.19 
E = 10000kN/m2 
A -0.79 -0.86 -0.83 -0.86 -0.04 4.07 
B -0.09 -0.07 -0.08 -0.08 0.00 0.00 
C -0.85 -0.79 -0.82 -0.86 -0.04 4.65 
D -1.12 -1.12 -1.12 -1.10 0.02 -1.82 
E -0.97 -0.98 -0.98 -0.99 -0.02 1.52 
F -1.04 -1.04 -1.04 -1.11 -0.07 6.31 
E = 5000kN/m2 
A -1.24 -1.38 -1.31 -1.39 -0.08 5.76 
B -0.11 -0.09 -0.10 -0.10 0.00 0.00 
C -1.33 -1.22 -1.28 -1.38 -0.11 7.61 
D -1.65 -1.66 -1.66 -1.63 0.02 -1.53 
E -1.38 -1.40 -1.39 -1.47 -0.08 5.44 
F -1.51 -1.51 -1.51 -1.64 -0.13 7.93 
E = 1000kN/m2 
A -3.25 -3.49 -3.37 -3.47 -0.10 2.88 
B -0.18 -0.14 -0.16 -0.17 0.01 5.88 
C -3.14 -3.07 -3.11 -3.06 0.05 -1.47 
D -3.58 -3.65 -3.62 -3.62 0.00 0.14 
E -2.80 -2.90 -2.85 -3.06 -0.21 6.86 
F -3.18 -3.26 -3.22 -3.51 -0.29 8.26 
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Table 4.7. Strain and stresses at selected points 













A 0.041 0.013 0.027 0.038 0.011 28.95 
B 0.363 0.318 0.341 0.303 -0.038 -12.38 
C 0.004 0.005 0.005 0.006 0.001 25.00 
D 0.013 0.028 0.021 0.017 -0.004 -20.59 


















F 0.022 0.029 0.026 0.020 -0.006 -27.50 
A -2.69 -1.63 -2.16 -2.02 0.14 -6.93 
B -15.01 -18.20 -16.61 -20.70 -4.09 19.78 
C -1.67 -1.78 -1.73 -2.29 -0.56 24.67 
D -6.01 -7.51 -6.76 -5.39 1.37 -25.42 




















F -6.65 -6.73 -6.69 -5.56 1.13 -20.32 
A -3.07 -4.87 -3.97 -4.27 -0.30 7.03 
B -42.94 -44.60 -43.77 -52.67 -8.90 16.90 
C -5.01 -6.22 -5.62 -5.80 -0.18 3.19 
D -9.61 -10.19 -9.90 -8.44 1.46 -17.30 
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(a)  N-S direction 
 
 
(b)  E-W direction 
Figure 4.4. 2D mesh for Case 1 along N-S and E-W directions 
 
 
    (a)  N-S direction                  (b)  E-W direction 
 












































































Figure 4.8. 3D mesh for Case 2 
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(a)  Primary cross-section       (b)  Primary cross-section  
 in N-S direction                     in E-W direction 
 




















of model in Case 1 







    
 
    
 
















max. 0.84mm max. 0.84mm 
max. 1.17mm max. 1.18mm 
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    (a)  Section A-A in N-S direction        (b)  Section B-B in E-W direction 
      (continue)          (continue) 
 



















max. 1.69mm max. 1.69mm 
max. 3.99mm max. 3.70mm 











































(b) Section B-B in E-W direction 
 


















Figure 4.14. Cross section C-C of shear strains in Case 2 
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(a)  Section A-A in N-S direction   
 
     
(b)  Section B-B in E-W direction 
 















Figure 4.16. Cross sections C-C of effective mean stresses in Case 2 
       
     
      
(a)  Section A-A in N-S direction           (b)  Section B-B in E-W direction 
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(a) Case 1 (E-W and N-S Directions) 
 
(b) Case 2 
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Chapter 5 





Two series of centrifuge model tests have been conducted using the National 
University of Singapore (NUS) geotechnical centrifuge system. This chapter will first 
discuss the centrifuge model principles and scale relationships, which include the basic 
scaling law and non-uniform acceleration. This will be followed by a brief description 
of NUS geotechnical centrifuge system. Subsequently, the configuration of the tests 
performed and the centrifuge model package for the present study will be presented. 
The instrumentation scheme for both Series 1 and Series 2 are then elaborated. Last but 
not least, the experimental procedures for Series 1 and Series 2 will be discussed. 
 
5.2 Centrifuge Model Principles and Scaling Relationships 
 
In geotechnical engineering, full-scale field tests and large-scale model tests are 
expensive and time-consuming to perform. Reduced scale model tests in 1g, e.g. small-
scale model tests, under well controlled soil condition and close data monitoring may 
be an attractive alternative to study a geotechnical problem. However, the stress level 
exists in the prototype cannot be reproduced in a reduced scale model. Since soil 
bahaviour is non-linear and highly stress-dependent, thus the test results obtained from 
a reduced scale model in 1g cannot be extrapolated to prototype scale in most of the 
cases. However, by subjecting 1/N scaled model in a geotechnical centrifuge to an 
enhanced gravitational field N times the earth gravity, the prototype stress levels can 
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be simulated in the reduced scale model. As a result, the model test results can then be 
used to interpret prototype behaviour in a rational manner. This is one of the 
advantages of centrifuge modelling. 
The idea of centrifuge testing using small-scale model was first proposed by 
Edouard Philips in 1869 to study the elastic behaviour of bridge (Craig, 1989). 
However, Philips’s idea did not come to fruition in the nineteenth century. According 
to Craig (1989), the first mention of centrifuge modelling in geotechnical literature was 
in the First International Conference on Soil Mechanics and Foundation Engineering in 
1936. Nowadays, geotechnical centrifuge modelling technique has become popular for 
the study of a wide range of geotechnical problems, such as consolidation, tunneling, 
deep excavations, embankments and slopes, shallow and deep foundations, gravity 
caisson, land reclamation, etc.  
 
5.2.1 Basic Scaling Law 
 
The scaling relationship between a small-scale model and its full-scale prototype 
can be derived either by dimensional analysis or consideration of the governing 
equations and system mechanics. A list of commonly used scaling relations (Leung et 
al., 1991) is shown in Table 5.1. The centrifuge model test results in the present study 
will be extrapolated to their prototype scale by appropriate scale factors shown in the 
table. 
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Table 5.1. Scaling Relation of Centrifuge Modelling (after Leung et al., 1991) 
Parameter Scale (model/prototype) at Ng 












Time (viscous flow) 1 
Time (dynamics) 1/N 
Time (seepage) 1/N² 
Energy density 1 
Flexural rigidity 1/N4 
Axial rigidity 1/N² 
Bending moment 1/N3 
 
 
5.2.2 Non-uniform Acceleration 
 
The earth gravity is uniform for the practical range of soil depths. For physical 
modelling in centrifuge, there is slight variation in the acceleration field. However, for 
centrifuge test, the inertial acceleration is proportional to the radius of rotation. Taylor 
(1994) showed that this non-uniform acceleration effect can be minimized by choosing 
the effective radius as the distance from the central axis to one-third depth of the 
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centrifuge model. Figures 5.1 and 5.2 illustrate this concept. However, for most 
geotechnical centrifuge, hm/Re ratio (where hm is the depth of model at specific level 
and Re is the effective centrifuge radius) is less than 0.2 and therefore the maximum 
error in the stress profile is minor and generally less than 3% of the prototype stress. 
 
5.3 NUS Geotechnical Centrifuge 
 
A detailed description of NUS geotechnical centrifuge system is given by Lee et al. 
(1991). Figure 5.3 shows a photograph of the NUS geotechnical centrifuge system. 
The centrifuge has a payload capacity of 40 g-tonnes and a maximum working g-level 
of 200g. The model package is normally loaded onto one of the swing platforms with 
the opposing platform counter balanced by counterweights. When the platforms are 
fully swung up during testing operation, the radial distance from the centre of rotation 
to the base of the platform is 2.02m.  
Copper-graphite slip rings are mounted at the top of the rotor shaft for signals and 
power transmission between the centrifuge and the control room. DC voltage is 
transmitted through the slip rings to the transducers mounted on the model package 
from the control room. Similarly, registered signals from the transducers are 
transmitted via the slip rings to the control room. In the control room, the received 
signals are first filtered by an amplifier system at 100 Hz cut-off frequency to reduce 
interference or noise pick-up through the slip rings. The amplified signals are then 
collected by a data acquisition system at a regular interval in the control room. In 
addition, a closed circuit camera that is mounted on the centrifuge, enable the entire in-
flight process to be monitored in the control room.  
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5.4 The Configuration of Tests 
 
Two series of centrifuge model tests have been conducted. Table 5.2 summarizes 
the details of the two series of centrifuge model tests performed. In Series 1, five tests 
were carried out with different embankment fill height at 30g. The main objective of 
this series of tests is to study the effect of fill height on the formation of surface 
settlement on geotextile reinforced embankment when subjected to sudden subsoil 
subsidence or cavity formation beneath the embankment. A cavity was created on the 
bottom centre of the embankment during the test in-flight to simulate this sudden 
subsoil subsidence. However, the modelling is not to capture the whole effect of 
subsoil subsidence, but to focus on the mechanism of arching development if there is a 
relative displacement at the geosynthetic layer. Schematic diagram for Series 1 in 
model scale is shown in Figure 5.4. 
GRPE system is often used to minimize the differential settlement between the 
basal reinforced embankment and the structure, such as piled bridge abutment or 
reinforced concrete slab, when they are constructed over soft soils. It this application, a 
gradual transition in terms of settlement from the rigid structure to the basal reinforced 
embankment is needed to avoid a sudden “jump” at the boundary of the structure and 
embankment. Therefore, the piles that are located near the structure are longer. This is 
because those piles are designed to be end-bearing and expected to settle very minimal, 
as the full weight of the embankment will be transmitted to the hard stratum. While the 
piles located further away are designed to be friction piles, which are typically shorter 
and expected to settle more. Thus, in Series 2 of centrifuge model tests, 3 different pile 
conditions were modeled to study the effect of the pile design on the performance of 
GRPE system.  
All the three tests were carried out at 50g. The embankment fill height in all the 
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three tests in Series 2 was identical. In Test 1 of Series 2, square aluminum model piles 
were socketed 10mm into saturated bearing stratum during the pile installation in 1g to 
simulate end-bearing piles. In Test 2 of Series 2, the model piles were not designed to 
be end-bearing but they were floated on thick normally consolidated kaolin clay. In 
Test 3 of Series 2, in order to simulate the friction – cum – end-bearing piles, the tips 
of piles were installed till 10mm above the saturated bearing stratum during the pile 
installation in 1g. The piles were expected to settle and socket into this bearing stratum 
during in-flight. This process artificially modeled the behaviour of friction – cum – 
end-bearing piles. In this series, the study will be concentrated on the soil arching 
development and the performance of GRPE system only. The skin friction 
mobilization will not be studied in these tests. Figure 5.5 shows the schematic diagram 
for Series 2 in model scale. 
 
Table 5.2. Details of the two series of tests performed (all units in prototype scale) 
Series 1: Effect of Fill Height (at 30g) 
Test no. Fill height, H (m) Fill height / Cavity width (H/B) 
1 3.00 0.78 
2 4.08 1.06 
3 4.62 1.20 
4 5.43 1.41 
5 6.12 1.59 
Series 2: Effect of Pile Design (at 50g) 







Pile cap  




1 End-bearing Low 
2 Friction High 
3 Friction – cum – end-bearing Medium 
3.5 1.0 3.75 
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5.5 Centrifuge Model  
 
This section discusses the main features of the model package for the present 
centrifuge model tests. 
 
5.5.1 Model Container 
 
The container is made of stainless steel alloy and has internal dimensions of 
440mm × 440mm × 550mm (length × width × height). The front sidewall of the 
container is made of a 70 mm thick transparent Perspex plate, which allows image 
acquisition by a video camera mounted to the centrifuge platform.  A stainless steel 
container with dimensions of 350mm × 170mm × 110mm (length × width ×height) are 
attached beside the model container to collect the water being drained from the rubber 
bag that was located at the centre bottom of the model in all the tests of Series 1. To 
minimize the soil/container friction, all the inner walls of the container were heavily 
greased before the placement of soil.  
 
5.5.2 Model Cavity 
 
In Series 1, a rectangular cavity of 128mm (length) by 128mm (width) by 160mm 
(height) was created at the centre of the container surrounded by three blocks of 
Styrofoam. A specially designed hollow steel box with thin Perspex was placed 
between the cavity and the front Perspex of the model, so that this cavity can be visible 
from the front face (Figure 5.6). The cavity at the centre was modeled by a sealed 
rectangular rubber water bag connected to a solenoid valve through tubing. A stress 
cell was placed at the bottom of this water bag to monitor the drainage process. Rubber 
bag was filled with water initially. A flat wooden plate of 125mm by 125mm by 10mm 
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is placed on top of the bag, in order to ensure a uniform subsidence when the water is 
drained out from this bag to create a cavity. The draining of water from the rubber bag 
will be done during in-flight through tubing by controlling the solenoid valve.  
 
5.5.3 Geotextile  
 
The geotextile used in all the tests is non-woven geotextile TS20 with a bi-
directional ultimate tensile strength of 9.5kN/m and thickness of 1.2mm in model scale. 
It is 100% polypropylene, continuous filament and UV stabilized non-woven needle-
punched geotextile. Its strain at break is 35% along machine direction (MD) and 75% 
along cross-machine direction (CD). The stiffness modulus of this type of geotextile in 
MD and CD is 27kN/m and 13kN/m respectively. Technical details of TS20 are 
provided in Appendix D2. This simulates a commonly used strong geotextile with 
ultimate tensile strength of 285kN/m and 475kN/m at 30g and 50g respectively. In 
prototype scale, the stiffness modulus of this geotextile is 814kN/m (in MD) and 




The sand used in all the tests for embankment fill is uniform medium-to-fine River 
Sand imported from Australia. The particle size distribution curve is shown is Figure 
5.7. Some of the physical properties of River Sand obtained from Chowdhury (2003) 
are summarized in Table 5.3. The permeability values of this type of sand at 40% and 
78% relative densities were found to be 2.90×10-3m/s and 6.21×10-4m/s respectively, as 
determined by Falling Head Test method. The Young’s modulus of sand of about 
10,000kPa was determined by cyclic triaxial compression test. This River Sand was 
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used as embankment fill in all the tests in both Series 1 and Series 2. In Test 1 and Test 
3 of Series 2, this River Sand was also used as the saturated bearing stratum that was 
placed at the bottom of the model. 
 
Table 5.3. Physical properties of River Sand (after Chowdhury, 2003) 
Properties Values 
Specific gravity 2.65 
Maximum dry density, ρd,max (kg/m3) 1700 
Minimum dry density, ρd,min (kg/m3) 1305 
Maximum viod ratio, emax 1.03 
Maximum viod ratio, emin 0.56 
Mean grain size, D50 (mm) 0.25 
Young’s modulus, E (kPa) 10000 
Permeability (m/s) 
(at 40% relative density, i.e. at void ratio 0.84) 2.90×10-3 
Permeability (m/s) 
(at 78% relative density, i.e. at void ratio 0.66) 6.21×10-4 
 
For the preparation, the dry River Sand was rained from a constant drop height into 
the model container from sand hopper as shown in Figure 5.8. Average relative density 
(RD) of the sand bed so obtained depends on the size of the openings at the bottom of 
the hopper which determines the mass flow rate, and the constant drop height 
(Passalacqua, 1991). The sand hopper used in present tests has 2mm-diameter 
openings at the bottom. A measuring tape was attached at the sand hopper to ensure a 
constant drop height, so that sand beds with fairly consistent and uniform relative 
density can be obtained. In the present tests, a constant drop height of 600mm was 
maintained throughout the sand raining operation in 1g. The thickness of sand and the 
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weight of sand were constantly monitored to achieve a constant unit weight of 
16.23kN/m3 (corresponding to RD = 91%).  
 For the preparation of a 60mm-thick saturated bearing stratum in Test 1 and Test 3 
of Series 2, the saturation process was adopted which involves allowing the water to 
seep into the bearing stratum from the inlets at the bottom of container at a very slow 
rate. This is to prevent the bearing stratum from being disturbed by the ingress of the 
pore fluid during saturation.  
 
5.5.5 Model Pile and Pile Cap 
 
In Series 2, 36 numbers of solid aluminum model piles with individual pile caps 
were used to support the embankment. In addition, some of the model piles were 
instrumented with strain gauges to measure the axial load experienced by piles. This 
section will discuss the fabrication of model pile and pile cap with respect to the 
stiffness of prototype pile, the fabrication of model instrumented pile as well as the 
calibration of model instrumented pile. 
 
(a)  Fabrication of Model Pile and Pile Cap 
 
The model piles were fabricated from solid square aluminum rod with 6mm side 
width and 200mm length.  At the top of the model pile, a M3 female thread size was 
provided to 6mm depth. This enables an individual pile cap to be fixed rigidly on the 
top of each pile with a M3 screw. The square pile caps with dimensions of 20mm × 
20mm were fabricated from small aluminum plates with 3 mm thickness. The 
relationship between the model pile stiffness and the prototype pile stiffness can be 
obtained as follows.  
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By comparing the stiffness of the model pile and that of prototype, one can obtain: 
Em Am N² = Ep Ap                (5.1) 
where  Em = Modulus of elasticity of model pile, 
Ep = Modulus of elasticity of prototype pile, 
Am = Area of model pile, 
Ap = Area of prototype pile, and 
N = Gravity acceleration. 
By considering the scaling relationship between the model pile and prototype pile, 
it can be deduced that a 6 mm square solid aluminum alloy pile in model would 
simulate a 402 mm square precast grade 40 concrete pile in prototype. Detailed 
computation can be found in Table 5.4. 
 
Table 5.4. Scaling relationship between model pile and prototype pile 
 
 
Scaling relationship between model pile and prototype pile 
 
 Model Pile Prototype pile 
Material Aluminum alloy Precast concrete 
Young Modulus, E 72 GPa 40 GPa 
Dimension 6 mm x 6 mm L x L 




         By considering the scaling law: 
          N²EmAm = EpAp 
         (50)²(72 GPa)(36 mm²) = (40 GPa) (L²) 
           L  = 402 mm 
 
 
Therefore, 6 mm square solid aluminium alloy pile in model simulates a 
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(b)  Fabrication of Model Instrumented Pile 
 
In the tests of Series 2, 8 out of the 36 piles were instrumented with strain gauge at 
10mm below the pile top, in order to measure the axial load experienced by pile. There 
are many types of strain gauges available commercially. The accuracy of strain 
measurement depends on several factors such as gauge length, gauge resistance, gauge 
factor, bondage, environment condition etc. (Herman, 1967). It is well known that a 
large gauge resistance will reduce heat generation for the same applied voltage across 
the gauge. A larger gauge factor will give bigger output strain for the same gauge 
resistance under the same applied voltage. The selection of strain gauges actually 
depends on many factors such as the magnitude of the force to be measured and the 
surface area to be mounted. In consideration of the small size of the model pile and a 
large vertical load expected in most cases, strain gauge type TML FLA-1-23 was used. 
The matrix size of the selected strain gauge is 5mm long and 3.5mm wide and its 
gauge resistance and gauge length are 120Ω and 2mm respectively.  
Figure 5.9 shows a Wheatstone bridge circuit of four strain gauges. Such circuit 
enhances the measurement accuracy by temperature compensation and elimination of 
effects due to bending. For a Wheatstone bridge circuit of four strain gauges with the 
same resistance inside the circuit, the output of the circuit can be approximately 
written as follows: 
( )4231 --4 εεεε +=Δ K
EE              (5.2) 
where ΔE = Voltage output, 
E = excitation voltage, 
K = strain gauge factor, and 
ε1, ε3, ε2, ε4 = strain in each of the 4 gauges. 
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Figure 5.10 shows the arrangement of the 4 strain gauges bonded on the external 
surface of the pile shaft, which were wired together to form a complete Wheatstone 
bridge.  
Figure 5.11 shows the schematic diagram of a model instrumented pile. To install a 
strain gauge onto the model pile, the pile was first cleaned to remove dirt, paint or oil 
and then polished with sand paper. After roughening the model pile surface, acetone 
was utilized to clean the surface to ensure a good bonding of the adhesives. Marked 
lines that parallel and perpendicular to the pile axis were drawn to mark the exact 
location of the strain gauge. CN adhesive was then applied on the back of strain gauge 
prior to attaching it at appropriate location. Strong thumb-pressure was applied to the 
gauge via a polythene sheet for about a minute. After the adhesive was set, the strain 
gauge wire and lead wire were carefully soldered to a connecting terminal. The gauge 
resistance was checked to ensure that all the strain gauges worked properly before 
applying epoxy coating.  
The epoxy coating is made of a mixture of Eporez 28 (liquid epoxy resin) and 
Eposet 68 (curing agent for liquid epoxy resin) in the proportion of 5 to 3 by mass. A 
small mold (formed by hard paper) was placed to cover the top 20mm of the pile. With 
the two ends blocked with plastic/sealing tap, epoxy was poured into the pipe through 
the side opening of the mold. When the epoxy had set sufficiently, the mold was 
removed from it. The completed instrumented model pile will have an instrumented 
pile shaft section with the dimensions of 9mm x 9mm x 20mm. Figure 5.12 shows a 
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(c)  Calibration of Model Instrumented Pile 
 
A strain-meter (Portable Data Logger, TDS-303, Mode-RS232C) was used to 
record the strain gauge signals from the model instrumented pile. Before the 
calibration was carried out, the output of the strain gauges was monitored for 14 hours 
in 1g without applying any load at the top, in order to ensure that the fluctuation of the 
strain gauges readings were sufficiently small. 
Each model instrumented pile was then calibrated using a setup as shown in Figure 
5.13. The calibration was performed by releasing axial load slowly from a forklift. For 
each increment of axial load, the corresponding strain gauge reading was recorded. 
The assumption for this calibration is that the response of strain gauge with respect to 
axial load at 50g is identical to that in 1g condition. Figure 5.14 shows the calibration 
factors of all the 8 numbers of model instrumented piles used in Series 2 of centrifuge 
model tests. 
 
5.5.6 Model Soft Ground 
 
In Series 2, the soil used to simulate the soft ground is normally consolidated 
Malaysian kaolin clay. Standard procedures have been adopted to ensure the 
reproduction of the model ground with similar stress profile in each test. Kaolin clay 
was chosen because of its sufficiently high permeability as compared to other clays, 
which would reduce the required soil consolidation time considerably.  
This type of kaolin clay has liquid limit (LL) of 80%, plastic limit (PL) of 40% and 
hence a plasticity index (PI) of 40%, and specific gravity, Gs, of 2.65. The 
compression index, Cc and swelling index, Cs are 0.64 and 0.13, respectively. The 
coefficient of permeability of normally consolidated kaolin at a consolidation pressure 
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of 100kPa is about 1.36 x 10-8m/s. The effective internal friction angle, φ’, is 25°. The 
ratio of undrained shear strength, cu, to the effective overburden pressure for the 
normally consolidated clay is typically between 0.20 and 0.30.  
 White dry Malaysian kaolin clay powder was placed in a mixer with water to form 
slurry at water content of 120% (i.e. 1.5 times the liquid limit of the soil). The clay 
slurry was allowed to mix thoroughly inside the mixer container under vacuum 
condition. The process of mixing lasted for 4 hours to ensure fully saturated soil slurry 
with minimum trapping of air voids. Before pouring the slurry into the model 
container, the wall of the model container was cleaned and coated with silicon grease. 
Khoo et al. (1994) showed that this lubrication method could significantly reduce the 
side wall friction of the model container. The slurry was placed in the container under 
water to avoid air bubbles being trapped in the clay. 
The sample was then pre-consolidated in 1g. During this process, the sample was 
subjected to small increment of pressure up to 20kPa using pneumatic jack and the 
whole process took about one week. This would result in a thin layer of over-
consolidated clay at the top such that the clay is sufficiently stiff and would not heave 
during subsequent consolidation in the centrifuge. In addition, this thin over-
consolidated clay layer is sufficient to support the embankment constructed in 1g.  
The sample was then brought to centrifuge swing platform and spun up to 50g for 
self-weight consolidation. During this process, the soil surface settlements are 
monitored regularly by potentiometers. The degree of consolidation is calculated based 
on Asoka’s method. The Asoka’s plot for all the 6 LVDTs are shown in Figure 5.15. 
From this plot, the self-weight consolidation process was found to take about 6 hours 
to reach 90% degree of consolidation.  
Tan (2003) reported the in-flight undrained shear strength profile of the Kaolin 
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clay using miniature T-bar developed by Steward and Randolph (1991). Figure 5.16 
shows the undrained shear strength profile measured in-flight using T-bar after the soil 
consolidation reached 90% at 100g in Tan (2003). The undrained shear strength profile 
indicates an over-consolidated layer on the top 40mm due to the pre-consolidation 
loading in 1g. Below this over-consolidated layer, the undrained shear strength 
increases almost linearly with depth as expected from a normally consolidated clay. 
The soil sample used in his test has the identical preparation procedure and pre-
consolidation pressure as in the present study. Although all the three tests of Series 2 in 
the present study were conducted at 50g, the undrained shear strength profile was 
expected to be similar to that was reported by Tan et al. (2003). This is because the 
gradient of the undrained shear strength profile is independent of g-level. 
After the self-weight consolidation at 50g, the sample was taken out and left for 
half a day before the installation of piles and raining of sand being done in 1g. Lab 
vane shear test was carried out to determine the undrained shear strength profile of 
kaolin clay before the installation of model piles, as shown in Figure 5.17. The 
undrained shear strength profile indicates an over-consolidated layer of about 20-
60mm on the top due to the pre-consolidation loading in 1g. Below this over-
consolidated layer, the undrained shear strength increases almost linearly with depth. 
 
5.5.7 Particle Size Effect 
 
In centrifuge model tests that involve the use of pile, pile width (or diameter) and 
length will be scaled down accordingly. However, the particle size of soil will not be 
scaled down proportionally. For example, using river sand with a mean grain size, D50, 
of 0.25mm, the grain size is effectively increased by 50 times relative to the pile 
dimensions when subjected to 50g. Many researches have been conducted to study the 
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grain size effect on centrifuge modeling. In clayey soil, the effect is likely to be 
negligible since the grain sizes are likely to remain much smaller than the model piles.  
 The grain size effect on pile diameter was investigated by Bolton et al. (1993) who 
concluded that if the pile diameter to mean grain size ratio exceeds 20, the scale effect 
would be insignificant. In the present study, the pile width is 6 mm and the mean grain 
size of river sand is 0.25mm. Thus, the ratio is 24 and the grain size effect is deemed to 
be insignificant. 
 
5.6 Instrumentation Scheme 
 
Extensive instruments were installed in the model and geotextile sheet to collect 
some available data and continuously monitor the performance of every test via data 
acquisition system in the control room. Those instruments used are categorized and 
discussed according to their functions. 
 
5.6.1 Measurement of Surface Settlement 
 
Linear potentiometers (model LP-50F-61) with a measuring range of 50mm and an 
independent linearity of ±0.2% were used to measure the surface settlements during 
the tests. The excitation and maximum output voltage of these potentiometers are 10V 
DC. A round Perspex plate is attached to the tail end of the rod of every potentiometer 
to prevent it from penetrating into the sand embankment due to “point load” effect. All 
the potentiometers were calibrated using vernier calliper. During the calibration 
process, the movement of Perspex plate in distance and the change in voltage were 
measured by vernier caliper and multi-meter respectively. Figure 5.18 show the 
calibration process and setup of linear potentiometers. The locations of surface 
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settlement measurement points and deep settlement plate in Series 1 are shown in 
Figure 5.19. Figure 5.20 shows the locations of surface settlement measurement points, 
deep settlement plate and instrumented model piles in Series 2. 
 
5.6.2 Measurement of Soil Stress 
 
Kyowa PS-A miniature stress cells were used to measure the total soil stresses at 
certain critical locations in the embankment fill. Two different capacities of stress cells 
were used in the tests, i.e. 200kPa and 500kPa. This type of miniature stress cell has a 
diameter of 6mm. Therefore, the d/D50 ratio for the mean soil grain size of 0.25mm 
will be 24, which is greater than 10. Thus, it is considered as satisfactory.  
To obtain reliable reading of stress in the soil in high g level, in-flight calibration 
test of miniature stress cell was conducted from 1g to 60g at 10g interval. The 
measured readings in micro strain at different g level over a loading process for each 
stress cell were shown in Figure 5.21. After that, the measured in-flight readings in 
micro strain at loading stages at different g level were plotted against the applied 
stresses to obtain the coefficient, as shown in Figure 5.22.  
 
5.6.3 Measurement of Geotextile Strain 
 
Strain gauges were attached on the non-woven geotextile sheet in order to measure 
the geotextile strain and corresponding tensile force in the sheet in both machine and 
cross-machine directions. The strain gauges used in centrifuge model tests are the same 
model as those used in large-scale model tests. The strain gauging method employed in 
the centrifuge model tests is similar to that in the large-scale model tests, as discussed 
in Chapter 3. However, the two differences are: (1) there is no silicone glue (Shin-Etsu 
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Silicone) was applied on the base of strain gauge and the surrounding of connecting 
terminal, and (2) no silicone glue was spread over to cover the entire attachment. This 
is because the stiffness of geotextile used in centrifuge model tests is very low, i.e. 
27.14kN/m (in MD) and 14.62kN/m (in CD) in model scale. The initial experience 
showed that the silicone glue layer would induce a significant stiffening effect when 
this kind of low stiffness geotextile is used.  
Wide-width tensile test has been conducted to calibrate the strain gauge in order to 
obtain a reliable strain response from the strain gauge and to make correction for the 
stiffening effect induce by the strain gauging technique. Strain-gauged specimens for 
both machine and cross-machine directions were prepared according to EN ISO 10319. 
Figures 5.23 and 5.24 shows the response of the strain gauge (i.e. global strain 
measured by video extensometer of Instron tensile machine versus local strain 
measured by strain gauge) for the non-woven geotextiles TS20 used in centrifuge 
model tests along MD and CD directions respectively. For both MD and CD 
directions, the response for this non-woven geotextile was distinguished by two 
straight lines. The first linear response was observed for local strain up to 2.5% and the 
calibration factor was found to be larger than 1.45. This was followed by the second 
linear response with calibration factor smaller than 1 for local strain beyond 2.5%. This 
bi-linear response was consistent for all the tested samples. This is because the non-
woven geotextile is produced from needle-punched continuous polypropylene 
filaments that are arranged in a random orientation to form loose webs. The less 
sensitive response when local strain is less than 2.5% was attributed to the re-
alignment of the randomly arranged fibres within the geotextile in the direction of 
tension. After the re-alignment, the response of the strain gauge was more sensitive, 
with calibration factor closed to 1.  
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The locations of the strain gauges of the respective five tests in Series Ι are shown 
in Figure 5.25. Similarly, the locations of the strain gauges of the respective three tests 
in Series 2 can be seen in Figure 5.26. 
 
5.6.4 Measurement of Pile Head Settlement and Geotextile Deformation 
 
In Series 2, deep settlement plates (DSPs) were installed in the model to measure 
the pile head settlement and geotextile deformation at certain critical locations. Every 
DSP consists of a round Perspex base, φ1.5mm steel rod and φ2.5mm plastic tube 
casing (Figure 5.27). Two type of round Perspex base were used: (1) φ24mm base for 
pile head settlement measurement, and (2) φ20mm for geotextile deformation 
measurement. The base of the plate cannot be too small in order to avoid “point load” 
effect and to ensure the stability of DSP. The φ2.5mm plastic tube casing is used to 
eliminate the rod-soil friction that could affect the settlement of the DSP. 
 
5.6.5 Measurement of Geotextile Deformation 
 
In Series 1, image acquisition was used to capture the process of cavity creation 
and the development of deformed shape of geotextile sheet due to the drainage of 
water from the sealed rubber bag. A CV-M1 2/3” CCD progressive high scan 
resolution image processing camera was mounted in front of the front face of the 
model package using a steel frame. To cope with various requirements of the images 
(such as capture frequencies, picture resolutions and formats, etc), a software called 
PCAnyWhere was used to remote-control the image acquisition through Local Area 
Network (LAN) when the centrifuge was spinning. The images were captured by the 
camera during in-flight and stored in the onboard PC. The maximum deformation of 
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geotextile can be quantified by referring to the scalar that was placed at the inner face 
of Perspex of the hollow steel box. Figure 5.28 displays a picture captured by the CV-
M1 2/3” CCD camera after the creation of cavity at the centre of the model. 
 
5.6.6 Measurement of Pore Water Pressure 
 
Druck PDCR81 miniature pore pressure transducer was used to measure the pore 
water pressure in the soft ground in all the tests in Series 2. Two different capacities of 
PPT, i.e. with maximum pressure of 300kPa and 700kPa, were used in the 
experiments. This type of PPT consists of a single crystal silicon diaphragm with a 
fully active strain gauge bridge diffused into the surface. It has a porous filter stone 
placed in front of its diaphragm such that only water is in contact with the diaphragm. 
With its tiny size of 8mm in length and 3mm in diameter, it could be implanted into 
the soil easily. Sensitivity of these transducers is about 2.4mV/V/bar. Before being 
placed inside the soil, the PPTs were de-aired for around 15 minutes using an 
electronic vacuum pump to ensure no air bubbles were trapped inside the transducers. 
 Each PPT comes with its own manufacturer’s calibration factor. To confirm the 
factors of the PPTs, a digital air pump and a multi-meter were used to calibrate the 
PPTs. It was conducted by pumping air into the PPTs and recording simultaneously the 
air pressure as well as the PPTs output voltage readings measured by the multimeter. 
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5.7 Experimental Procedures 
 
The experimental procedures for Series 1 and Series 2 will be discussed separately 
in this section. 
 
5.7.1 Procedures of Series 1 
 
A rectangular cavity of 128mm (length) by 128mm (width) by 160mm (height) 
was created at the centre of the container. The cavity was thus occupied by a sealed 
rectangular rubber bag (Figure 5.29a) connected to a solenoid valve through tubing 
(Figure 5.29b). Rubber bag was filled with water initially and a flat wooden plate of 
125mm by 125mm by 10mm was placed on top of the bag in order to ensure a uniform 
subsidence when the water is drained to create a cavity (Figure 5.29c). After that, 
geotextile with strain gauges installed was laid (Figure 5.29d), followed by the raining 
of sand at a constant drop height of 600mm and placement of soil stress cells till the 
predetermined fill height is reached (Figure 5.29e). Subsequently, an array of 
potentiometers was placed at the top surface across the cavity to measure the surface 
settlement of the embankment (Figure 5.29f).  
The container was then carefully brought into the centrifuge system. After that, a 
steel frame with CV-M1 2/3” CCD camera was mounted in front of the front face 
Perspex of the model container (Figure 5.29g). The centrifuge system was then 
allowed to spin up to preset acceleration of 30g. After stable readings were achieved at 
the desired acceleration, the solenoid valve to the rubber bag was activated to drain the 
water, in order to create a cavity in the bottom centre of the embankment setup. The 
process of the forming of the cavity and the development of deformation of geotextile 
were captured by CV-M1 2/3” CCD camera (Figure 5.29h). Through out the whole 
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testing process, all monitoring of the instruments is done in centrifuge control room. 
The total of 5 tests has been conducted in this series with different fill heights in 
order to study the fill height effect on the formation of surface settlement subjected to 
sudden soil subsidence arising from cavity formation beneath the embankment.  
 
5.7.2 Procedures of Series 2 
 
Three tests have been conducted in Series 2. The three tests were conducted under 
three different pile tip embedding conditions, in order to study the effect of the pile 
design on the performance of GRPE system. In this series of tests, different type of 
piles with different embedment conditions were artificially modeled. The emphases of 
the tests were on the soil arching development and the performance of the GRPE 
system. In the study, the capacity of the pile is designed to be much more than the 
working load. 
Kaolin clay was prepared at 1g and subjected to self-weight consolidation at 50g. 
The kaolin clay sample was taken out from the centrifuge swing platform for model 
setup after the self-weight consolidation. Firstly, the piles were installed at 1g using a 
fabricated pile installation guide, which consists of two layers of Perspex sheets. With 
the installation guide, the piles could be installed vertically at a preset spacing (Figure 
5.30).  
Figure 5.31 shows the completion of installation of piles, with individual pile caps, 
into the soft kaolin clay using the pile installation guide. It has been recognized that 
piles should be installed in-flight for an accurate simulation of prototype behaviour. 
The effect of pile installation at centrifuge acceleration level was examined by Craig 
(1984). He argued that if piles were installed in 1g, the following stress increase due to 
self-weight could overcome the initial increase in the horizontal stresses around the 
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piles due to installation. This phenomenon could lead to a significant decrease in pile 
capacity. However, Craig (1985) reported that unlike sand, the difference in the pile 
capacity for piles installed in clay in 1g and at high g is relatively insignificant as the 
volume change during pile installation is relatively small.  
 After the pile installation, a layer of geotextile with strain gauges installed was laid. 
Deep settlement plates were placed right above the geotextile at some critical locations. 
Then, sand fill was rained at a constant drop height of 600mm until a predetermined 
embankment height was reached. During the construction of embankment, soil stress 
cells were placed at various critical locations at different depths. Subsequently, 
potentiometers were installed at some locations at the surface of the embankment to 
measure the surface settlement.  The container was then brought into the centrifuge 
system. Subsequently, the centrifuge system was then allowed to spin up to the preset 
acceleration of 50g and maintained for 6 hours to allow consolidation of the soft soil 

















Figure 5.1. Initial stresses in a centrifuge model induced by rotation about a fixed axis 





Figure 5.2. Comparison of stress variation with depth in a centrifuge model and its 
corresponding prototype (after Taylor, 1994) 
 
 
































     (a) Plan view             (b) Section A-A                                                  
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       (c) Sectional view of model (Test 2)         (d) Sectional view of model (Test 3) 
 
Figure 5.5. Centrifuge model setup in Series 2 (all units in mm) 
 
 
           
Figure 5.6. Plan view of model cavity in Series 1 
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Figure 5.8. Sand raining process 
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Figure 5.10. Arrangement of a Wheatstone bridge circuit of strain gauges on pile 
surface 
 
R1 and R3 : active gauges 
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Figure 5.11. Schematic diagram of model instrumented pile 
 
 
                  
 




















Model instrumented pile 



















Figure 5.13. Setup of calibration of model instrumented pile 
 
 
































Pile 1: y= 0.5888x, R2=0.9879
Pile 2: y=0.6797x, R2=0.9994
Pile 3: y=0.7014x, R2=0.9999
Pile 4: y=0.8033x, R2=0.9980
Pile 5: y=0.6536x, R2=0.9897
Pile 6: y=0.8486x, R2=0.9843
Pile 7: y=0.7082x, R2=0.9999
Pile 8: y=0.8735x, R2=0.9953
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Figure 5.16. In-flight undrained shear strength profile of Kaolin clay  


























LVDT0: β0=0.054039, β1=0.999872, δult=422.2mm, δmax=387.9mm, conso=91.9% 
LVDT1: β0=0.052935, β1=0.999885, δult=460.3mm, δmax=412.0mm, conso=89.5% 
LVDT2: β0=0.055925, β1=0.999875, δult=447.4mm, δmax=408.8mm, conso=91.4% 
LVDT3: β0=0.059156, β1=0.999870, δult=455.0mm, δmax=421.3mm, conso=92.6% 
LVDT4: β0=0.054471, β1=0.999874, δult=432.3mm, 
               δmax=397.0mm, conso=91.8% 
LVDT5: β0=0.055004, β1=0.999879, δult=454.6mm,  
               δmax=413.4mm, conso=90.9% 
LVDT6: β0=0.058949, β1=0.999875, δult=471.6mm,  
               δmax=431.1mm, conso=91.4% 
LVDT7: β0=0.056891, β1=0.999882, δult=482.1mm,  










Figure 5.17. Undrained shear strength profile of Kaolin clay before the installation 






       (a) Calibration process               (b) Row of potentiometers 
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Figure 5.19. Locations of surface settlement measurement points and deep settlement 



















Figure 5.20. Locations of surface settlement measurement points, deep settlement plate 
and instrumented model piles in Series 2 
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Figure 5.23. Calibration curve for geotextile TS20 along MD direction 
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For εL > 2.5%
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(e) Test 5 
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(c) Test 3 
 
Figure 5.26. Locations of strain gauges in the respective 3 tests of Series 2 
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Figure 5.27. Deep settlement plate (DSP) used in Series 2 
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Figure 5.29c. A flat wooden plate was placed on top of the water bag 
Solenoid valve 
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Figure 5.29g. Steel frame with CV-M1 2/3” CCD camera was mounted in front of the 
front face Perspex  
 
 
                   
 
Figure 5.29h. Formation of cavity and deformation of geotextile captured by CV-M1 
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Figure 5.31. Completion of installation of piles with individual pile caps 
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Chapter 6 




 This chapter will discuss some of the key components related to the mechanisms of 
GRPE system. There are obtained or derived from the observations and data collected 
from the large-scale model tests and centrifuge model tests, which were conducted in 
this study. 
 
6.1 Strain Development in Geosynthetic Reinforcement 
 
In the large-scale model tests, a few arrays of strain gauges were installed on the 
geosynthetic reinforcement. The strain results clearly show the demarcation of “critical 
strain zone” and “non-critical strain zone”, associated with the deformation of the 
geosynthetics under the soil subsidence. The “critical strain zone” is the portion that 
spanning two adjacent pile caps, with a width of approximately the diameter of pile 
cap, along the main reinforcement direction (i.e. machine direction, MD, of 
geosynthetic), as indicated in Figure 6.1. The polyester reinforcement yarns in these 
“critical strain zone (CSZ)” are named as primary yarns. On the other hand, the “non-
critical strain zone (NSZ)” is the area that bounded by “critical strain zones”. The 
reinforcement yarns in the “non-critical strain zone” are called secondary yarns. When 
two layers of mono-directional geosynthetic reinforcements are perpendicularly cross-
laid, the primary yarns in both longitudinal and transverse directions form a 
rectangular grid to restrain the deformation of geosynthetics. Practically, those primary 
yarns will experience more strain than those secondary yarns. This is because in the 
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GRPE system, those secondary yarns will form a “mesh” to support the vertical loads 
arising from the soil mass below the “arched region”. This loads exerted on secondary 
yarns are then transferred to the primary yarns. Subsequently, the primary yarns will 
transfer the loads to the piles.  
For instance, in Test 1, the strain gauges on the upper geotextile sheet show that 
those within CSZ will experience strain of 1.70% to 2.26%, while those at the NSZ 
recorded less than 0.40% strain (Figure 6.2). In addition, along the CSZ, the geotextile 
strain is getting larger when closer to the pile cap. This is clearly shown by the strain 
profiles of CSZ of upper microgrid and lower microgrid in Test 8 (Figures 6.3 and 6.4). 
The strain distribution of each span between 2 pile caps is like a U-shape. Hence, it is 
obvious that the critical strain region is at the edge of the pile cap. Therefore, the 
tensile force experienced by geosynthetic is expected to be maximal at the edge of the 
pile cap.  
Table 6.1 shows the recorded strains along machine direction (MD) (i.e. the main 
reinforcement direction) on upper and lower geosynthetics in Test 1, Test 2 and Test 8. 
It can be noticed that the strains in critical strain zones for both upper and lower 
geosynthetics are always much higher than those in non-critical strain zones. 
 This distribution of strain in “critical strain zones” and “non-critical strain zones” 
will shed some light in the development of tension in the geosynthetic sheet under this 
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Table 6.1. Recorded strains along machine direction (MD) on upper and lower 
geosynthetics after removal of subsoil 
 
Critical Strain Zone (CSZ) Non-Critical Strain Zone (NCZ) 
E – W 
(Zone II) 
N – S 
(Zone 2) (Zone a, b, c, d) 
Upper geotextile 1.40 - 2.26% - 0.05 – 0.33% 
Test 1 
Lower geotextile - 0.73 - 2.61% 0.20 – 0.27% 
Upper geotextile >0.68% - 0.04 – 0.35% 
Test 2 
Lower geotextile - 2.41 – 2.96% 0.75 – 1.05% 
Upper microgrid 1.41 – 3.32% - 0.12% 
Test 8 
Lower microgrid - 1.27 – 2.72% 0.56% 
 
6.2 Vertical Displacement of Geosynthetic Reinforcement 
 
The primary yarns in both longitudinal and transverse directions form a rectangular 
grid to restrain the deformation of geosynthetics. For cross-laid geosynthetics, the tests 
results show that the overall maximum vertical displacement occurred at the centre of 
every non-critical strain zone, as shown in Figure 6.5. Therefore, the overall maximum 
vertical displacement of cross-laid geosynthetics in GRPE is governed by the 
orientation of geosynthetic’s main reinforcement direction with respect to the 
arrangement of piles, which will affect the formation of “non-critical strain zone”. The 
next section will discuss this effect in details. Table 6.2 shows the vertical 
displacements of perpendicularly cross-laid geosynthetic reinforcements at two 
different locations. It can be noticed that this phenomenon is consistent for all the three 
tests. 
By assuming this model is symmetrical, Figures 6.6 and 6.7 show the deformation 
profiles of the bottom geotextile sheet between two adjacent pile caps in N-S (Pile 1 
and Pile 3) and E-W (Pile 2 and Pile 4) directions respectively for Test 1, Test 2 and 
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Test 8. It was observed that the deformation profiles of the lower geosynthetic sheet 
are closer to catenary profiles than circular arcs. At the center of the profiles, it can be 
noticed that the displacement of the geosynthetic sheet in N-S direction was restrained 
by the other sheet of geosynthetic, which has machine direction perpendicular to it (i.e. 
E-W direction) and smaller pile spacing. This shows that when the piles are installed in 
triangular grid arrangement with different pile spacing in two directions and 
geosynthetics are perpendicularly cross-laid, the span with smaller spacing of piles will 
cause restraining to the larger span, thus results in reducing the vertical displacement in 
the larger span. This means that the vertical displacement will be larger if both 
directions are having the spacing as the large span.  
In Test 1 and Test 2, perpendicularly cross-laid geotextile sheets with a cumulative 
stiffness modulus of 600kN/m in each direction were used as basal reinforcement. 
Comparing Test 1 and Test 2, the results show that the increase in initial fill height 
before the removal of subsoil only resulted in a small increase in vertical displacement 
of bottom geotextile. This shows that partial arching had formed in Test 2 and thus 
reduced the vertical load acting on geotextile. In Test 2, the placement of additional 
0.5m surcharge caused only a small increase in vertical displacement. This indicates 
that partial arching effect has transferred most of the vertical load to the piles and thus 
only small portion of additional vertical load has transmitted to the geotextile. In Test 8, 
when stiffer geosynthetic reinforcements which were about three times of that of Test 1 
and 2 (i.e. with a cumulative stiffness modulus of 1818kN/m in each direction) were 
used, the vertical displacement of bottom geosynthetic was much smaller than that in 
Test 2. This results clearly show that the effect of geosynthetic stiffness on the vertical 
displacement, thus verifying that the geosynthetic will play a significant role in the 
load transfer mechanism of GRPE system. 
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 Table 6.2. Vertical displacements of perpendicularly cross-laid geotextile 




modulus of geosynthetics in 
one direction, J (kN/m) 





Test 1 600 143.32 167.00 
Test 2 600 149.30 171.00 
Test 8 1818 93.78 113.20 
 
6.3 Effect of Arrangement of Piles and Orientation of Reinforcement 
Direction 
 
In Test 7, two layers of geotextiles were cross-laid in such a way that the machine 
directions of geotextile sheets inclined at an angle of +30 and -30 referring to the N-
S direction (direction along the longitudinal side of test pit). The objective of this test 
is to evaluate the effect of the orientation of reinforcement yarns direction with respect 
to the arrangement of piles on the performance of GRPE system. 
Figure 6.8 shows the vertical displacement of lower geotextile measured by 
LVDTs at two critical locations in Test 7. It can be seen that the overall maximum 
vertical displacement of bottom geotextile was located at the centre of rhombus formed 
by Pile 1 to Pile 4. Figure 6.9 shows the overall maximum vertical displacement point 
in Test 7. This is different from the location of overall maximum vertical displacement 
point of perpendicularly cross-laid geotextile reinforcements in other tests, which is 
located at the centre of P1-P2, P2-P3, P3-P4 and P4-P1 as shown in Figure 6.5. This is 
because the change in the orientation of main reinforcement directions of cross-laid 
geosynthetics will change the shape of restrained grid that restraint the vertical 
displacement of geosynthetics. In addition, this also will change the demarcation of 
“critical strain zone” and “non-critical strain zone”. Hence, the location of the overall 
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maximum vertical displacement will change accordingly, as the overall maximum 
vertical displacement point always occurs at the centre of non-critical strain zone. This 
clearly shows that the orientation of machine direction of geosynthetic reinforcement 
with respect to the arrangement of piles has an effect on the deformation of 
geosynthetic. Figures 6.10 and 6.11 show the strain profiles of upper geotextile and 
lower geotextile respectively along machine direction in Test 7 (which is either along 
P1-P2 line or P2-P3 line). It can be seen that the strain profiles along the machine 
directions are almost similar to that in other tests, except the strain profiles show some 
degree of non-symmetry.  
 
6.4  Surface Settlement and Settled Volume 
 
Surface settlements with different degree of severity were detected on the top 
surface of the embankment after the removal of subsoil in Test 1, Test 2 and Test 8 of 
the large-sale model tests (Figures 12a, b and d). For a low embankment, the top 
surface settlement is similar in shape and value as the vertical displacement of 
geosynthetic sheet. In addition, the excessive yielding of the sand in the vicinity of the 
stationary soil column located directly above pile cap caused shear failure to occur, 
started from the edge of the pile cap and then extended right to the surface of 
embankment at some angle. As a consequence, some tensile cracks were observed on 
the embankment top surface in those tests, especially in Test 1 that had very low 
embankment fill.  
For higher embankment (in Test 2 and Test 8), the results show that the maximum 
surface settlement was lesser than the maximum vertical displacement of geosynthetic 
sheet at the mid-span. This is because the net top surface settlement was reduced by 
the volume increase due to soil expansion during collapse of yielded soil mass that was 
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initiated by the vertical displacement of the geosynthetic. 
In Test 4, the sandy soil fill was completely collapsed during the removal of 
subsoil and eventually a large sinkhole formed due to shear failure as there was no 
geosynthetic reinforcement in this test (Figure 6.12c). It shows that the low 
embankment for current configuration of test cannot reach stability without the use of 
geosynthetic reinforcement. The piled embankment with geosynthetic reinforcement of 
the current configuration was found to be stable with at least 1.0m fill height. The 
comparison between Test 2 and Test 4 indicates that the stability of piled embankment 
with large piles spacing or/and small pile caps can be improved with the use of 
geotextile reinforcement.  
Figure 6.13 shows the contour maps of surface settlement in Test 1, Test 2, Test 6, 
Test 8 and Test 9 based on the measurement of grid-liked fixed points on the 
embankment surface using EDM. The volumes of surface settlement (i.e. volume of 
the settled portion of soil mass) for those tests were calculated based on Simpson's 
Rule (Epperson, 2002). After that, the percentage of settled volume over the total soil 
mass of embankment fill for each test was calculated, as shown in Table 6.3. The 
results show that the percentage of settled volume reduced significantly from Test 1 to 
Test 2 due to the increase of fill height and reduced moderately from Test 2 to Test 8 
due to the increase of geosnthetic’s stiffness. The effect of embankment fill height and 
the effect of stiffness of geosynthetic on the performance of GRPE system will be 
illustrated in Section 6.8 and Section 6.11 respectively. 
For Test 6 that had a thin sand layer separating the two geosynthetic sheets, the 
percentage of settled volume was similar to Test 2. The results show that this 
separation sand layer resulted in marginal improvement over the case without sand 
separation layer. 
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geosynthetic in one 







1 0.5 600 1.0038 14.87 
2 1.0 600 0.7978 5.91 
6 1.1 600 0.5028 4.14 
8 1.0 1818 0.2424 1.92 
9 1.75 909 0.0633 0.30 
 
6.5   Effect of Additional Surface Static Load 
 
In Test 2, the predetermined fill height before the removal of subsoil was 1.0m. 
After the removal, an additional 0.5m soil fill was added on top of 1.0m height 
embankment as surcharge, which is indicated as Test 2a. Subsequently, static load tests 
(Test 2b) and soil arching observation test (Test 2c) were carried out upon the 
completion of subsoil removal. This section will discuss the results obtained from Test 
2b.   
In Test 2b, the whole GRPE model was subjected to these static load tests using a 
5-tonne backhoe, a 1.2-tonne pickup truck and 4 reinforced concrete blocks 
respectively. The objective of the tests is to verify the effectiveness of soil arching that 
was developed in transferring the additional vertical loads to the piles. 
In the first load test, a 5-tonne backhoe was driven across the embankment. It was 
parked at the centre of the embankment when instruments’ readings were taken (Figure 
3.16i in Chapter 3). At this stage, 4 additional LVDTs were installed in order to 
measure the vertical displacement of lower geotextile at another 4 particular positions 
(refer to Figure E3 in Appendix E). However, they were removed subsequently due to 
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insufficient channels of data logger. After the backhoe was driven across the 
embankment, rut can be seen at the surface of the embankment (Figure 6.14). 
The second static load test was conducted by repeating the same process as the first 
load test using a 1.2-tonne pickup truck, with two pieces of 0.2-tonne stones added 
onto the pickup subsequently giving rise to about 1.6 tonnes. Instrumentation readings 
were taken when they were loaded and unloaded. 
The third load test was carried out using 4 reinforced concrete blocks with 
estimated weight of 2 tonnes per block (Figure 3.16j in Chapter 3). Initially, 2 blocks 
were placed at the centre of the embankment. Then, the other 2 blocks were added 
subsequently. When removing those blocks, 2 blocks were removed at a time. 
Instrumentation readings were taken during these loading and unloading steps. 
The static load tests were conducted successfully as the whole geotextile reinforced 
piled embankment remained stable after those loading-unloading steps. In addition, 
only small additional vertical displacement of geotextile was detected throughout the 
three static load tests. 
Figure 6.15 shows the vertical loads exerted on 5 specified piles measured by load 
cells with respect to various loading-unloading stages in static load tests. The results 
show that Load Cell 1, 2, 3 and 4 reported significant increase and subsequent decrease 
of vertical load carried by respective pile when loading-unloading of a 5-tonne 
backhoe and reinforced concrete blocks took place.  
During loading-unloading a 1.2-tonne pickup – cum – stones (total weight of 1.6 
tonnes), the recorded vertical load changes throughout the loading-unloading process 
were comparatively small as compared to loading-unloading of a 5-tonne backhoe and 
reinforced concrete blocks.  
In all static load tests, Load Cell 5 did not recorded any significant increase or 
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decrease in load throughout the entire static load tests. For instances, at “Load 5-tonne 
truck” stage, the vertical load acting onto Pile 1 to 4 increased by 2.8kN to 4.3kN. 
After unloading the 5-tonne backhoe, the vertical load acting onto Pile 1 to 4 decreased 
by 2.6kN to 5.6kN, whereas, Load Cell 5 recorded the change in load of less than 
0.7kN. This is because it is located far away from the centre of the model where the 
backhoe was parked. In addition, it is subjected to boundary effect as it is close to the 
boundary. 
Figure 6.16 shows the additional vertical displacement of lower geotextile during 
the first static load test using 5-tonne backhoe in Test 2b. The total of 8 LVDTs was 
used to measure the vertical displacements at 8 critical points. During loading-
unloading of this 5-tonne backhoe, all the 8 LVDTs recorded increase in additional 
vertical displacement indicating that the membrane was further tensioned at every 
portion of geotextile although the backhoe was parked at the centre. This further 
indicates the presence of tensioned membrane effect in the system. At the centre of the 
model that surrounded by Pile 1 to 4, where the backhoe was parked, the additional 
vertical displacement of geotextile at this portion was minimal. The additional vertical 
displacement at this portion was about 3mm and occurred near the midpoint of Pile 2 
and Pile 3, which is the overall maximum vertical displacement point as discussed 
previously. On the other hand, the portion that surrounded by Pile 2, 3, 6 and steel 
frame reported the additional vertical displacement of 10.5mm. Therefore, it is obvious 
that a large portion of additional load has been transferred through tensioned 
membrane effect to the boundary steel frame. Since the embankment fill was loaded by 
a heavy backhoe, the sand fill was densified after the loading process. Thus, the 
geotextile sheet would not rebound after unloading the backhoe. 
Figure 6.17 shows the vertical displacement of lower geotextile sheet during static 
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load tests throughout the 3 static load tests. It can be noticed the vertical displacement 
at the portion that bounded by Pile 1 to 4 has actually increased by a very minimal 
amount throughout the 3 static load tests. Even after loading 4 numbers of heavy 
reinforced concrete blocks with a total weight of approximately 8 tonnes, less than 
10mm of additional vertical displacement was reported by all the 4 LVDTs. It shows 
that most of the additional loads have transferred to the piles via soil arching effect as 
well as to the boundary steel frame via tensioned membrane effect. 
 
6.6   The Observed “Soil Arch” in Embankment Fill 
 
The presence of soil arching effect in piled embankment can significantly reduce 
the amount of collapsed soil fill due to shear failure and consequently reduce the 
vertical loads acting on geosynthetic reinforcement. Therefore, soil arching effect is an 
important phenomenon to be considered in quantifying the required geosynthetic 
tensile strength.  
After conducting static load tests in Test 2b, Test 2c was carried out by cutting the 
geotextile sheets from the bottom of the model in order to clarify the presence of soil 
arching effect in embankment fill. In this test, the geotextile sheets were cut in a few 
stages using scissor and knife (as shown in Figure 6.18), in order to observe the 
collapsed soil dome in the embankment fill and to measure the height of the dome.  
Figure 6.19 shows the differential displacement between upper and lower 
geotextile sheets after the second cut of the lower geotextile sheet. It was noticed that 
there was a gap between the upper and the lower geotextile sheets, and they have 
different deflection profiles. This is because the two geotextile sheets were cross-laid 
with their machine directions (MD) perpendicular to each other. Consequently, the two 
sheets were stretched in two different directions and caused a small gap between the 
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two sheets.  
After the 2nd cut (refer to Figure 6.18 for location), it can be noticed that a small 
portion of embankment fill collapsed. After removing the collapsed soil, a vault could 
be seen from the bottom of the model (Figure 6.20). After the 3rd cut, more soil 
collapsed and the cavity extended up to the embankment surface. Eventually, a small 
hole could be seen on the surface of embankment and located close to Pile 1 (Figure 
6.21), which could also be viewed from the bottom of the embankment (Figure 6.22). 
When viewing from the opening of the small cavity on embankment surface, the path 
of soil sliding could be seen, as shown in Figure 6.23. After the 6th cut, two vaults 
could be observed when viewing from the top of the embankment (Figure 6.24). One 
of the vaults was bounded by Pile 1, Pile 2 and Pile 4. While the other vault was 
bounded by Pile 2, Pile 3 and Pile 4. The measured dome height of the collapsed soil 
fill at this stage was approximately 0.75m (Figure 6.25). This shows that each 
triangular grid bounded by 3 numbers of piles will form a dome and the two domes 
overlapped each other. As cutting process proceeded, the amount of collapsed soil 
increased and thus destructed the arch structure. After the 8th cut, a big cavity was 
formed at the centre of the model that was surrounded by Pile 1 to Pile 4, as shown in 
Figure 6.26. Figure 6.27 shows the sketch of the observed “soil arches” in the 
embankment fill.  
 
6.7 Stress Distribution and Development of Soil Arching in Embankment Fill  
 
Two types of subsoil have been simulated in the large-scale model tests, i.e. low 
compressibility and high compressibility subsoil. Medium dense sand was used to 
simulate the low compressibility subsoil in Test 1 to Test 8, while polystyrene beads 
were used to simulate high compressibility subsoil in Test 9. When medium dense 
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sand was used, the geosynthetic reinforcement was only allowed to deform very 
minimal due to embankment loading. Conversely, when polystyrene beads were used, 
the geosynthetic reinforcement could deform significantly due to embankment loading.  
The stress distribution and development of soil arching in embankment fill of 
GRPE system, which is based on the total soil pressure measurement at various 
locations and depths in the embankment fill, will be discussed for both types of 
subsoils. Comparing Test 8 (with low compressibility subsoil) and Test 9 (with high 
compressibility subsoil), the effect of subsoil on the development of soil arching in the 
embankment fill, and the performance of GRPE system can be evaluated. 
 
6.7.1 Low Compressibility Subsoil 
 
When medium dense sand was used to simulate the low compressibility subsoil in 
Test 8, it was noticed that the geosynthetic reinforcement deformed about 40mm 
vertically after the placement of the first 0.25m of embankment fill mainly due to the 
immediate settlement of the medium dense sandy subsoil (Figure 6.28). After that, the 
geosynthetic did not experience further vertical deformation as the foundation subsoil 
has been densified. The vertical soil stresses measured along the vertical axis above the 
center of 4 piles during the construction of embankment (refer to Figure 6.29) show 
that the soil mass in the embankment experienced static overburden pressure as in each 
stage. This indicates that soil arching effect has not taken place yet. This is because 
there was no sufficient differential settlement between the soil located directly above 
pile caps and in-between pile caps. Consequently, there was minimum deformation of 
the geosynthetic reinforcement.  
Upon the completion of embankment construction, subsoil was dug out from the 
steel doors. The portion of geosynthetic spanning between piles lost its vertical support 
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from the subsoil, thus deformed significantly. In this process, a large differential 
settlement developed between the soil columns located directly above the pile caps and 
the soil located above this deformed geosynthetic. This initiated the formation of 
partial soil arching in the embankment fill. Figure 6.30 shows the vertical soil stresses 
measured along the vertical axis above the center of 4 piles during the removal of 
subsoil in Test 8 (using microgrid MG100/100 as reinforcement). The results show that 
the vertical stresses at all depths reduced significantly as the removal of subsoil took 
place. However, beyond 100 minutes of removal, the vertical stresses seemed to 
stabilize and did not fall to zero. This indicates that during the removal process, 
geosynthetic reinforcement deformed and caused the yielding of a portion of soil mass 
located directly above the geosynthetic reinforcement and supported some how by 
“arches”, such that the stress will not be zero. In this condition, a gradual transition 
zone (i.e. arched zone) will develop between the “at-rest zone” on the upper part (i.e. 
H>700mm, say) and the “infilling zone” (i.e. H<300mm, say) on the lower part. When 
removal process continues, the “arched zone” will propagate due to soil expansion 
during the yielding of soil. As the propagation of “arched zone” continues to move 
upwards, the vertical soil stress in the “infilling zone” and “arched zone” reduced 
significantly.  
After the removal of subsoil in Test 8, the embankment was left to stabilize. After 
that, additional surcharge layers were placed on the top surface of the embankment fill. 
Figure 6.31 shows the vertical soil stresses measured in various depths at the center of 
Pile 1 to Pile 4 due to this placing of additional surcharge. The results show that the 
vertical stress started to increase with additional surcharge, signifying the present of 
partial soil arching. There seems to be more significant increase for location above the 
“arched zone” and very marginal increase for location below the “arched zone”. It was 
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observed that the soil located above the crown of arch experienced static overburden 
pressure. As the depth from embankment surface increases, the soil beneath the crown 
of arch experienced reduction in soil pressure. At some depths, the vertical soil 
pressure started to increase with depth again. This illustrates the two boundaries of the 
“soil arch”, which are indicated by dotted arches in Figure 6.31. From Figure 6.31, it 
can be noticed that the crown of arch located about 840mm above the microgrid 
throughout the three surcharge placement stages. After deducting the vertical 
displacement of the microgrid at this location (i.e. between 4 piles), which was about 
103.38mm to 109.88mm, the effective net height of “arched zone” was 730.1mm to 
736.6mm. This value is very closed to the observed and measured dome height of 
750mm in the previous test (i.e. “soil arch” observation test in Test 2c), as discussed in 
Section 6.6.  
Figure 6.28 shows the vertical displacement of lower microgrid in Test 8. The 
results show that the increase of settlement at the centre of Pile 1 to Pile 4 due to the 
placement of additional surcharge was very small. It can be noticed that the LVDT 
located at the centre of Pile 1 to Pile 4 (i.e. LVDT2) only recorded small increase in 
vertical displacement due to the placement of additional surcharge layers. This also 
shows that with the presence of geosynthetic reinforcement, the partial soil arching 
effect in the embankment fill was maintainable and able to transfer most of the load to 
the piles, resulting in only small addition settlement with this additional load. 
Figure 6.32 shows that the soil stress exerting right on the pile caps increased 
significantly after the removal of subsoil. The soil stress at higher elevation increases 
much lesser amount. This indicates that the soil stresses at “arched zone” and above it, 
had been transferred to the pile caps via partial soil arching effect. The stresses in the 
“infilling zone” were then transferred to geosynthetic tension via tensioned membrane 
Chapter 6: Mechanisms of GRPE 
 165 
effect. Thus, with the presence of geosynthetic reinforcement, the microgrid was able 
to retain the collapsed infilling soil during the removal of subsoil. As a result, the 
“arched zone” could continue to propagate until the surface and was sustainable after 
the completion of removal process, and even beyond the additional surcharge stage. 
Without the geosynthetic, the soil mass in the infilling zone will collapse. This will 
subsequently lead to the failure of embankment as stable arches cannot be able to be 
established in piled embankment without geosynthetic, with large pile clear spacing (s) 
and low embankment height (H). For a GRPE system with low embankment, the 
“arched zone” will propagate to the surface of the embankment when the subsoil is 
removed. Therefore, the severity of the surface settlement is dependent on the stiffness 
of geosynthetics reinforcement that governs the deformation of reinforcement.  
Figure 6.32 shows the vertical soil stresses measured by TPCs directly above Pile 1 
in Test 8. The results show that the vertical soil stresses at points A, B, C directly 
above the pile cap registered much high pressure than the overburden pressure after the 
removal of subsoil (i.e. H = 1000mm). The increase of vertical soil pressure above 
overburden was particularly high within the height of about 500mm from the pile cap 
level. Above that, the increase in vertical soil pressure was much lower. When 
additional surcharge was placed layer by layer after the removal of subsoil, every TPC 
recorded significant increase in stress. The placement of the first and second layers of 
surcharge caused TPC at point C recorded an increase of 29.4kPa and 13.7kPa 
respectively. These increments in pressure were a few times larger than the applied 
additional surcharge, i.e. q=4.75kPa. 
Figure 6.33 shows the vertical soil stresses measured by TPCs located 260mm 
away from the centre of Pile 1 in Test 8. This measurement is 155mm away from the 
edge of the pile cap with pile cap diameter (a) of 210mm. The results show that soil 
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located at this distance still experienced certain degree of soil arching effect. This 
indicates that a soil column of a diameter of at least a + 2×155mm will experience the 
increase in vertical soil stress due to soil arching effect.        
 In summary, the results show that when GRPE is founded on low compressibility 
ground, the deformation of geosynthetic reinforcement during the construction stage 
will be restricted by the subsoil. As a result, there is no significant differential 
settlement occurred between the soil mass located directly above the pile caps and the 
soil in-between the pile caps, hence, soil arching effect cannot develop during this 
construction stage. The vertical displacement of geosynthetic and strain in geosynthetic 
were very minimal in this stage because of the low compressibility subsoil in this case. 
After the removal of subsoil, the geosynthetic reinforcement experienced large vertical 
displacement and large strain. This indicates that the critical state of GRPE system 
with respect to geosynthetic design is after the occurrence of soil subsidence, when it 
was founded on low compressibility subsoil. In this case, the use of geosynthetic 
reinforcement is to retain the collapsed infilling soil in order to ensure the stability of 
the system. 
 
6.7.2 High Compressibility Subsoil 
 
When polystyrene beads were used to simulate high compressibility subsoil in Test 
9, the geosynthetic reinforcement deformed significantly during the construction stage, 
especially when constructing the first 0.75m embankment (Figure 6.34). After that, the 
vertical displacement of this geosynthetic reinforcement (microgrid) was very minimal. 
Figures 6.35 and 6.36 show the strain profiles of microgrid along N-S direction and E-
W direction respectively in Test 9. It was noticed that the construction of the first 
0.75m embankment resulted in significant increase in microgrid strain. After that, the 
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increment of strain was comparatively smaller as the filling process continued. These 
strain results are consistent with the vertical displacement results. This trend in vertical 
displacement and strain that stabilized after 0.75m of fill seems to indicate that “soil 
arches” have developed when the embankment reached 0.75m. 
Figures 6.37 and 6.38 show the vertical soil stresses measured by TPCs located 
directly above Pile 1 and Pile 2 respectively during the construction stage in Test 9. 
The results show that the column of soil mass located directly above stationary pile 
caps experienced significant increment of vertical soil stresses during the construction 
of the embankment. These two figures show that the soil stresses at TPC1 and TPC4 
were much higher than the overburden pressures after 0.5m of fill, while TPC3 and 
TPC6 measured closed to overburden pressure throughout the whole construction stage. 
This indicates that there were additional vertical stresses beyond overburden pressure 
exerted onto the soil at location near to the top of pile caps. This vertical stresses must 
be the result of soil arching phenomenon. The zone of this soil arching phenomenon is 
in the order of 100-500mm above pile cap based on these two plots. 
Figure 6.39 shows the vertical soil stresses measured above the center of 4 piles 
during the construction of embankment in Test 9. It can be seen that when the 
construction of embankment up to 375mm high, the soil mass only experienced static 
overburden pressure. When the embankment fill height reached 500mm, the soil 
arching effect started to develop. The “arched zone” on the lower part of embankment 
has well-developed after the compaction process at 750mm level was carried out. The 
subsequent placement of fill and compaction exercises increased the vertical stress at 
the lower portion only marginally, while showed a significantly increase of vertical 
stress at the upper portion. This shows that soil arching has developed at 0.75m fill. In 
addition, the “arched zone” seems to expand upward as the fill increases. It also 
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indicates that the maximum height of this “arched zone” is above 750mm. 
 During the removal stage, the polystyrene beads were sucked out from the steel 
doors in a very short time. After 15 minutes, sufficient polystyrene beads had been 
removed such that there was no contact between the microgrid and the beads 
(simulating subsoil) anymore. Immediately after the removal of subsoil, the results 
show significant increase in vertical displacement and strain of microgrid (see Figures 
6.34 to 6.36). This increase of geosyntheitc vertical displacement and strain due to 
sudden removal of subsoil was about half of that due to filling stage. This is in contrast 
to the case where low compressibility subsoil was used, which showed that the 
increase in geosynthetic vertical displacement and strain due to filling stage was very 
small as compared to that due to sudden removal. This indicates that to design for 
GRPE system over high compressibility subsoil, the selection of geosynthetic strength 
must take into account both the vertical displacement due to filling stage and soil 
subsidence.  
Figure 6.40 shows the vertical soil stresses measured above the center of 4 piles 
during the removal of subsoil in Test 9. The results show that after 6 minutes into 
removal process, the stress reduced to stabilized values. Figure 6.40a shows the same 
vertical stresses data with the extrapolated portion showing the upper limit of the 
“arched zone” where the vertical stress is equal to the overburden. This shows that the 
“arched zone” has propagated about 375mm upwards due to the removal of subsoil.  
It was found that with the presence of geosynthetic reinforcement in the layered 
construction of embankment over high compressibility subsoil, the development of soil 
arching is different from that reported by Hewlett and Randolph (1988) for the 
conventional piled embankment without geosynthetic. In Hewlett and Randolph 
(1988)’s study, the filling of embankment fill was completed without any ground 
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settlement, thus no soil arching took place at this stage. when the modeled piled 
embankment in Hewlett and Randolph (1988)’s test was moved upwards to simulate 
the subsoil settlement, the soil beneath the “arched zone” experienced full mobilization 
of shear resistance due to the ultimate yielding of soil. On the other hand, in the actual 
construction of GRPE system, the embankment will be constructed and compacted in 
layers. Thus, the geosynthetic reinforcement will deform during the layered 
construction of embankment over soft soil and the soil arching effect will develop in 
this process. After that, the soft foundation soil will continue to settle due to 
consolidation, but the settlement of “infilling soil” will be limited by the presence of 
geosynthetic reinforcement.  
Present study showed that in GRPE system, the vertical soil stress results indicate 
that for GRPE system: (i) the thickness of “arched zone” (Tarched) is not uniform, (ii) 
the thickness of the “arched zone” (Tarched) at the centre is even larger than the height 
of the “infilling zone” (Hinfilling). Comparing to Hewlett and Randolph (1988)’s case, 
the “infilling zone” was much lower and the “arched zone” was much thicker. The 
difference between the above observed behavior in GRPE system from that in Hewlett 
and Randolph (1988)’s model is mainly due to the presence of geosynthetic 
reinforcement. Literature review shows that many researchers used the vertical stress 
acting on subsoil at pile cap level computed from Hewlett and Randolph (1988)’s 
model to calculate the tension carried by geosynthetic reinforcement at this level. 
Present study showed that this method may be too conservative in estimating the 
vertical load exerted on geosynthetic reinforcement. This will be discussed in detail in 
Section 7.2 of Chapter 7. Furthermore, in Section 7.2, a new method will be proposed 
to estimate the vertical stress acting on geosynthetic reinforcement in GRPE system. In 
this newly proposed method, the estimation of the two important parameters in the 
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estimation of vertical stress acting on geosynthetic reinforcement, i.e. the height of 
dome and the height of “infilling zone”, will be proposed and discussed. 
 In summary, when GRPE is founded on high compressibility ground, the 
geosynthetic reinforcement is able to deform during the construction stage. As a result, 
significant differential settlement occurs between the soil mass located directly above 
the pile caps and the soil mass in-between the pile caps. Hence, soil arching effect can 
develop during this construction stage. The vertical stress acting on geosynthetic 
reinforcement has been reduced significantly due to the presence of soil arching effect. 
This vertical stress is then transferred to the tension in the reinforcement. Subsequent 
sudden settlement of soft foundation soil or long term consolidation of subsoil will 
induce more settlement. This will cause the “arched zone” in the embankment fill to 
expand and mobilize upward. The geosynthetic tension will increase accordingly due 
to further settlement and strain. Thus, the design of geosynthetic reinforcement has to 
take both filling stage and subsequent settlement stage into consideration. This means 
that the tensile strength of the geosynthetic sheet must be sufficient to carry the vertical 
soil stress of the embankment fill before the desired fill height is reached to develop 
soil arching effect. In addition, the additional vertical stress due to compaction and 
other external loading during construction must be considered. 
In this condition, the use of geosynthetic reinforcement has two purposes: (1) to 
retain the yielded soil and limit the settlement of embankment during the construction 
stage, in order to ensure that the stability of the system can be maintain until there is 
sufficient fill height to develop “soil arches”, and (2) to retain the collapsed infilling 
soil due to soil subsidence in order to ensure the stability of the system as well as to 
limit the surface settlement of the embankment. 
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6.8   Effect of Embankment Fill Height 
 
The effect of embankment fill height on the performance of GRPE system was 
evaluated in both large-scale model tests and centrifuge model tests. The evaluation of 
embankment fill height effect is based on the severity of surface settlement.  
 
6.8.1 Settlement Observation in Large-Scale Model Tests 
 
Surface settlement of about 5 to 15cm was observed at the center portion of the 
model after the subsoil is removed in Test 1 (Figure 6.13a). The ratio of fill height to 
clear pile spacing (H/s’) in N-S and E-W directions are 0.27 and 0.51 respectively. In 
Test 2, the H/s’ ratio in N-S and E-W directions were increased to 0.53 and 1.01 
respectively, which is double of that in Test 1. The increase of fill height (H) in Test 2 
resulted in a larger amount of soil volume that will undergo soil expansion during 
collapse of yielded soil mass. Hence, the net surface settlement could be significantly 
reduced. As a consequent, the localized deformation and tensile cracks as well as 
surface settlement could be significantly reduced as compared to Test 1 (Figures 6.13a 
and 6.13b).  
However, this is valid only when the “soil arch” is developed in the embankment 
fill and able to transfer the additional vertical load to the piles. The surface settlement 
here refers to the settlement on the surface of embankment due to soil subsidence or 
cavity formation, which takes place after the construction of this embankment and the 
formation of soil arching effect in the embankment fill. In such situation, additional fill 
on top of the dome of arched will help to distribute this “settlement” due to particles 
interaction with one another. 
Figure 6.41 graphically illustrates the effect of embankment fill height on the 
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percentage of settled volume. “Percentage of settled volume” refers to the percentage 
of the volume of surface settlement over the total volume of embankment fill. The 
results show that the volume of surface settlement reduced significantly from Test 1 
(14.87%) to Test 2 (5.91%) due to the increase of fill height.  
 
6.8.2 Settlement Observation in Centrifuge Model Tests 
 
In GRPE system with soft subsoil, the deformation of the non-critical strain zone 
of geosynthetic due to subsoil subsidence is similar to the deformation of geosynthetic 
due to cavity formation beneath the embankment. Thus, for simplicity, the cavity 
formation is modelled in centrifuge model tests.  
Figure 6.42 to 6.44 shows the images of the cavity formation taken at several key 
stages in one of tests in the Series 1 of centrifuge model tests. From the sequence of 
the figures, it can be seen that the rubber bag collapsed when the solenoid valve was 
opened and water was allowed to drain away. Geotextile deformed upon the collapse 
of the rubber bag. Figure 6.44 shows the maximum deformation of the geotextile 
followed an inverted dome shape. The maximum vertical displacement of the 
geotextile at the mid-point of the inverted dome was quantified referring to the scalar 
which was attached to the inner side of the Perspex. 
It was observed that in Test 1, the maximum vertical displacement of the geotextile 
was 40mm (1.2m in prototype scale) when the fill height was 100mm (3m in prototype 
scale). On the other hand, the vertical displacement of the geotextile in Test 5 is 32mm 
(0.96m in prototype) when the fill height was 204mm (6.12m in prototype scale). This 
shows that the vertical displacement of geotextile decreases with the increase in 
embankment fill height. The greater maximum vertical displacement of geotextile 
observed in Test 1 could most probably be also due to the presence of a greater volume 
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of in-filling zone than that in Test 5. This is graphically illustrated in Figure 6.45.    
During the formation of cavity, the geotextile sheet deformed and caused the 
embankment fill located directly above it to yield. In Test 1, the embankment fill 
height was low and thus insufficient to form a complete “arched zone”. Hence, only a 
thin unstable “arched zone” was formed above the infilling zone, as shown in Figure 
6.45. When the infilling zone collapsed, this thin “arched” zone could not be self-
supported and thus it collapsed. Therefore, this will increase the total volume of 
infilling zone and thus cause larger vertical displacement of geotextile. This explains 
why the vertical displacement in Test 1 (low embankment with H=100mm) was larger 
than that in Test 5 (high embankment with H=204mm). 
Figure 6.46 shows the surface settlement profiles of embankment for different fill 
heights after the creation of cavity at the centre of the model obtained from centrifuge 
model tests. It can be noticed that the increase in fill height can reduce the surface 
settlement as well as changing the shape of the surface settlement profile. The relation 
between the maximum surface settlement () normalized by fill height (H) and H/B 
ratio (where H is the fill height and B is the width of cavity) is shown in Figure 6.47. 
The results show that the fill height (H) must be greater than 1.2B in order to reduce 
the surface settlement to less than 6% of embankment fill height. The reduction in 
embankment fill height (H) to less than 1.2B will result in significant increase in 
surface settlement. This indicates that in order to minimize the surface settlement, 
certain critical height of embankment fill is needed to ensure that the soil volume is 
sufficient to form a complete “arched zone”.  
Terzaghi (1936) showed that the fill height must be greater than 2.5 times of the 
width of trap door in order to reach a state where no-relief of vertical soil stress due to 
arching. When extrapolate the curve in Figure 6.47, it was found that the embankment 
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fill height has to be at least 2.6 times of the cavity width (B) in order to achieve 
practically zero surface settlement. This seems to suggest that the condition of “no 
surface settlement” in this series of tests corresponds well with the Terzaghi (1943)’s 
“no-relief of vertical soil stress due to arching” condition in his trap door test.  
In addition, the curve in Figure 6.47 also indicates that for stability criteria, the 
embankment fill height (H) must be more than 1.2B. For serviceability criteria, the 
required embankment fill height (H) is governed by the serviceability limit of surface 
settlement based on its application, which may be less than 6% of fill height and this 
fill height may have to be much larger than 1.2B. 
 
6.9   Effect of Fill Material  
 
The test configuration of Test 3 is identical to Test 1 except that in Test 3, residual 
soil was used as embankment fill. Hence, the comparison between Test 1 and Test 3 
reveals the effect of embankment fill material on the performance of GRPE system.  
The contour plot of the lower geotextile deformation after the removal of subsoil of 
Test 3 (Figure 6.48) was similar to that of Test 1 (Figure 6.49). The only difference is 
that the vertical displacements at the centre of the model and at the overall maximum 
vertical displacement point were slightly lower in Test 3 compared to Test 1. In terms 
of vertical force exerted on piles, the load cells readings of both Test 1 (Figure 6.50) 
and Test 3 (Figure 6.51) show that the 4 piles at the centre of the model experienced 9-
11kN of vertical force after the removal of subsoil. This indicates that the use of 
residual soil as embankment fill to replace sandy soil will not result in any significant 
changes to the performance of this system. 
For Test 3, after the removal of subsoil, the embankment fill exposed to the 
environment for a prolong duration. In addition, no drainage system was provided to 
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discharge the infiltrating rainwater. During raining, rainwater seeped into the 
embankment fill through tension cracks. Hence, after a few rains, the water content of 
the 0.5m-height residual soil fill increased from 16.7% to more than 30%. This 
increase of water content in soil fill due to poor drainage problem had significantly 
increased the embankment weight and hence caused additional loads exerting on piles. 
As shown in Figure 6.51, the vertical load recorded by Load Cells 1 and 4 were 10kN 
and 9kN respectively when the fill height was 0.5m after the removal of subsoil. 
However, the readings increased to 14kN and 13kN respectively in subsequent months 
without increase in fill height, labeled as “0.5m soil (re-compacted)” stage. It shows 
that the vertical load exerted on each pile increased about 4kN due to the increase of 
water content in residual soil fill.  
Subsequently, additional surcharge was added on top of the embankment. The 
reading of Load Cell 1 and 4 dropped due to the failure of geotextile reinforcement 
when fill height reached 1.5m. It can be noticed that the reading of Load Cell 4 
dropped more than the reading of Load Cell 1. This is because geotextile was 
punctured through near Pile 2, which is located in transverse direction as Pile 4. This 
shows that the use of residual soil fill will have the danger of undrained failure due to 
its low permeability. Therefore, a good drainage system in the embankment fill must 
be provided. On the other hand, the failure of geotextile indicates that the soil arching 
may have been destroyed during the re-compaction process. When the additional 
surcharge layers were placed on top of the re-compacted 0.5m residual soil fill, the 
vertical stress acting on geotextile was increased significantly and eventually caused 
failure to the geotextile.  
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6.10 Effect of Thin Separation Sand Layer Between Geosynthetic Sheets 
 
In Test 6, two layers of PEC75 geotextile sheets were cross-laid and separated by a 
thin layer of 100mm sand. The comparison between Test 2 (stacking the two layers of 
geotextiles together) and Test 6 reveals the effect of thin separation sand layer between 
geotextile sheets on the performance of GRPE system.  
The strain results show that strains in geotextile along MD within the critical strain 
zones in both Test 2 and Test 6 were almost the same, i.e. about 0.4-1.1% and 2-3% 
along E-W direction and N-S direction respectively (Table 6.4). In addition, the 
surface settlement results, which were shown in Section 6.4, indicate that the 
percentage of settled volume in Test 6 (4.14%) was slightly lower than that in Test 2 
(5.91%). This shows that there is no significant difference in performance between the 
two tests.   
Figure 6.52 shows the deformation of lower geotextile reinforcement spinning Pile 
1 & Pile 3 after the removal of subsoil in Test 2 and Test 6. Figure 6.53 shows the 
deformation of lower geotextile reinforcement spinning Pile 1 & Pile 2 after removal 
of subsoil in Test 2 and Test 6. The results indicate that the 100mm-thick separation 
sand layer between 2 geotextile layers will induce slightly more vertical displacement 
to the lower geotextile sheet than that without separation. Hence, the vertical 
displacement at the centre of 4 piles and the overall maximum vertical displacement 
point in Test 6 increased 14.3% and 7.5% respectively compared to that in Test 2 
(Table 6.5). However, the additional vertical displacement induced by the separation 
sand layer would not affect the formation of soil arching above the upper layer of 
geotextile. As a result, there is no significant difference in performance as compared to 
stacking two layers of geotextiles together without separation. 
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Table 6.4. Comparison of strains along machine direction (MD) on upper and lower 
geosynthetic sheets among Test 2 and Test 6 
 
Critical Strain Zone (CSZ) 
E – W (Zone II) N – S (Zone 2) 
Upper geotextile >0.68% - 
Test 2 
Lower geotextile - 2.41 – 2.96% 
Upper geotextile 0.44 – 1.14% - 
Test 6 
Lower geotextile - 1.63 – 2.88% 
 
Table 6.5. Comparison of vertical displacements of perpendicularly cross-laid 
geotextile reinforcements at two different locations 
 
 Test 2 Test 6 fTest6 / fTest2 
Centre of 4 piles (mm) 149.30 170.72 1.143 
Overall max. vertical 
displacement point (mm) 171.00 183.88 1.075 
 
6.11 Effect of Stiffness of Geosynthetic 
 
The effect of stiffness of geosynthetic on the performance of GRPE system, in 
terms of surface settlement and tension cracks on the surface of embankment, was 
evaluated in the large-scale model tests. 
In Test 5, one layer of geotextile TS60, which has an average tensile strength of 
19kN/m in both machine direction and cross-machine direction, was used as basal 
reinforcement. This grade of geotextile has strain at break of 80% in machine direction 
and 35% in cross-machine direction. When subsoil was being removed from the two 
front steel doors, two sinkholes were formed and surrounded by tension cracks located 
near the steel doors on the surface of embankment. Subsequently, the diameter and 
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depth of the two sinkholes were increased when the removal process proceeded, as 
shown in Figure 6.54. Eventually, the geotextile sheet was punctured at Pile 2 and led 
to the failure of the whole system (Figure 6.55). 
The stiffness of this grade of geotextile reinforcement is much lower than that of 
PEC75. Therefore, it deformed more to mobilize the required tensile strength that is 
needed to support the yielded portion of embankment fill. The large deformation of 
geotextile reinforcement caused excessive localized deformation in embankment fill, 
thus lead to the formation of severe sinkholes and tension cracks. Comparing to Test 2 
that had the same fill height, it shows that geosynthetic with higher stiffness is needed 
to reduce the localized deformation in embankment fill, and limit the formation of 
sinkhole as well as minimize the formation of surface settlement and tension cracks on 
the surface of embankment. In addition, this failure also showed that the most critical 
geosynthetic strain region is at the edge of the pile cap. 
In Test 8, microgrids were used as reinforcements for both upper and lower layers. 
Each layer of microgrid has an ultimate tensile strength of 100kN/m, strain at break of 
11% and Stiffness of 1818kN/m in both MD and CD.  
The LVDTs results show that vertical displacement of lower microgird in Test 8 
was about half of the vertical displacement reported in Test 6 using geotextile PEC75 
with stiffness of 600kN/m in each direction.  
Figure 6.56 graphically illustrates the effect of the geosynthetic stiffness (J) and the 
fill height (H) on the percentage of settled volume over total embankment area. The 
results show that the volume of surface settlement reduced significantly from Test 1 
(14.87%) to Test 2 (5.91%) due to the increase of fill height. Comparing Test 2 and 
Test 8, when about 3-time stiffer geosynthetic reinforcements were used in Test 8, the 
volume of surface settlement reduced approximately 3 times from 5.91% to 1.92%. 
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This is because when stiffer geosynthetic reinforcement is used, the vertical 
displacement of reinforcement can be reduced accordingly although the volume of soil 
subjected to expansion during collapse was the same. This will limit the propagation of 
“arched zone” in embankment fill. As a result, the severity of surface settlement and 
tension cracks on the surface of embankment in Test 8 can be reduced consequently. 
 
6.12 Effect of Pile Design 
 
In Series 2 of centrifuge model tests, 3 different pile conditions were modeled (i.e. 
end-bearing piles in Test 1, friction piles in Test 2 and friction – cum – end-bearing 
piles in Test 3) to study the effect of the pile design on the performance of GRPE 
system.  
 
6.12.1 Surface Settlement, Pile Head Settlement and Geotextile Deformation 
 
Figure 6.57 shows the surface settlement, pile head settlement and geotextile 
deformation after 20.8 months of consolidation in Test 1 to Test 3. The surface 
settlement profiles in Test 1 to Test 3 were measured by an array of potentiometers that 
were placed on the embankment surface. On the other hand, deep settlement plates 
were placed at two locations: (1) directly above pile cap and (2) at the centre of two 
pile caps, to measure the pile head settlement and geotextile deformation respectively.  
The results show that the surface settlements of the three tests were almost uniform. 
In addition, it can be seen that the magnitude of surface settlements in each test were 
almost the same as the magnitude of pile head settlement in respective test. This 
indicates that the uniform surface settlements were caused by the pile settlements, 
which are governed by the tip embedding condition of pile. For end-bearing piles, the 
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pile head settlements are small and thus less uniform surface settlement. In addition, 
this proves that the use of geotextile coupled with sufficient fill height can result in a 
more uniform surface settlement, instead of undulation due to differential settlement 
between the soil located directly above pile caps and in-between pile caps. 
  The vertical displacements of geotextile in the three tests were 127.35mm (Test 1), 
19.15mm (Test 2) and 79.08mm (Test 3). The vertical displacement of geotextile in 
Test 2 was very insignificant. This shows that the whole GRPE system settled almost 
uniformly if the piles are not end bearing as in most of the GRPE system constructed 
over soft clay. Comparing Test 1 and Test 3, it was found that the vertical 
displacement of geotextile in Test 3 was lower than that in Test 1. This is because the 
model friction – cum – end-bearing piles in Test 3 had to settle 10mm (i.e. 500mm in 
prototype scale) before socketing into the bearing stratum. During this process, the soft 
clay had undergone certain degree of consolidation. As a result, the total differential 
settlement between the soil located directly above pile caps and the soil located in-
between pile caps was smaller in Test 3 compared to that in Test 1. Therefore, the 
vertical displacement of geotextile at the centre of two adjacent pile caps was smaller 
in the Test 3. This indicates that a proper design of pile tip embedding condition will 
govern the vertical movement of pile in high compressibility ground, and thus a 
gradual transition in terms of settlement, from almost zero settlement at the rigid 
structure to a sizable settlement at the basal reinforced embankment, can be achieved.   
 
6.12.2 Pile Axial Force 
 
The development of pile axial force in Test 1, Test 2 and Test 3 are shown in 
Figures 6.58, 6.59 and 6.60 respectively. It can be noticed that the axial forces 
developed in the piles were in the range of 500-800N in Test 1, 40-110N in Test 2 and 
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90-250N in Test 3. The lower bound of pile axial forces in Test 1 was about 4.5 times 
of the upper bound of pile axial forces in Test 2. This implies that high axial forces can 
only develop in the piles with highly end-bearing condition. This is because pile with 
large vertical movement will settle with the increase in force, hence high axial force 
cannot develop in this kind of pile.  
On the other hand, the pile axial forces in Test 3 were between those in Test 1 and 
Test 2. This may be due to part of the embankment loading was taken by subsoil 
during the uniform settlement of the system before those piles socketed into the 
bearing stratum. In addition, the other possible reason is that during the uniform 
settlement of the system at the beginning, some skin friction had developed. This 
developed skin friction of pile had reduced the magnitude of pile axial force to be 
developed in the pile. As a result, the axial forces in the piles in Test 3 were lower than 
that in Test 1. 
 
6.12.3 Soil Stresses in Embankment Fill 
 
Figure 6.61 shows the vertical soil stresses measured by stress cells in Test 1 to 
Test 3 in two soil columns: (1) directly above a pile cap and (2) above the center of 4 
piles. It was observed that the changes of vertical soil stress profiles with respect to 
time in Test 1 and Test 3 were similar. In Test 1 and Test 3, the vertical soil stresses 
located directly above the pile cap increased from the spin-up process until the end of 
the test. After spinning for 6 hours (i.e. 20.8 months in prototype scale), the vertical 
stresses within the soil column located directly above the pile cap were much larger 
than the overburden pressure. On the other hand, the vertical soil stresses of the soil 
mass located at the centre of 4 piles increased during the spin-up process, and then 
decreased slowly with time when subsoil settled due to consolidation. After spinning 
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for 6 hours (i.e. 20.8 months in prototype scale), the vertical stresses were lower than 
the overburden pressure. This validates the presence of soil arching effect in the 
embankment fill. In Test 2, the vertical soil stresses profiles at both vertical axes (i.e. 
directly above the pile cap and centre of 4 piles) increased from the spin-up process 
until the end of the test. In addition, the vertical soil stress profiles at both soil columns 
were almost similar. This indicates that there was no arching effect developed in the 
embankment fill.   
Figure 6.62 shows the comparison of measured vertical soil stress profiles between 
the 3 tests at two vertical axes (i.e. directly above the pile cap and centre of 4 piles) 
after 20.8 months of consolidation. Comparing Test 1 and Test 3, it can be noticed that 
the vertical soil stresses directly above the pile cap were higher in Test 1 that had 
smaller vertical movement at the beginning of the test. In addition, it can be seen that 
there was no significant difference in the vertical soil stresses at the centre of 4 piles. 
This shows that higher degree of soil arching effect could develop in Test 1 that had 
smaller vertical movement at the beginning of the test compared to Test 3. This is 
because the piles in Test 3 had to settle 10mm (i.e. 500mm in prototype scale) before 
socketing into the bearing stratum. As a result, the differential settlement between the 
soil located directly above pile caps and the soil located in-between pile caps was 
smaller in Test 3 compared to that in Test 1.  
 
6.12.4 Strain Development in Geotextile 
 
Figures 6.63, 6.64 and 6.65 show the development of strain in geotextile in Test 1, 
Test 2 and Test 3 respectively. The non-woven geotextile TS20 used in the tests has an 
ultimate tensile strength of 9.5kN/m (i.e. 475kN/m in prototype scale) in both machine 
direction (MD) and cross-machine direction (CD). However, its strain at break is 35% 
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along MD and 75% along CD. This means that the stiffness modulus in MD is 2.15 
times higher than that in CD.  
In Test 1, it can be noticed that there was some readjustments in the strains in MD 
and CD during the spin-up process. This is probably due to the difference in the 
stiffness of geotextile in the two perpendicular directions. It can be seen that those 
readings of strain gauges in MD (i.e. SG3, 4, 5, 8) dropped to negative values during 
the spin-up process and then increase during the consolidation process. The possible 
reason to explain this phenomenon is that the difference in the stiffness of geotextile in 
MD and CD caused the geotextile deformed more in CD. Therefore, this induced some 
slippage to the geotextile in the MD as the confining pressure was small during the 
spin-up process. After that, the confining pressure was large enough to result in 
sufficient friction to overcome the slippage and hence the strains could develop 
normally in both directions. SG3 and SG8 were placed at the centre of 4 piles and at 
the centre of two adjacent pile caps respectively in MD. The results show that these 
two strain gauges recorded less than 0.1% strain throughout the 6 hours consolidation 
(i.e. 20.8 months in prototype scale). Similarly, SG6 that was placed at the centre of 4 
piles in CD only recorded 0.003% strain throughout the 6 hours consolidation. 
Conversely, other strain gauges with a geotextile span in both MD and CD recorded 
0.15-0.5% strains. This indicates that the critical strain zone in geotextile is the span 
that supported by two adjacent pile caps. In addition, the strain along the span is 
getting larger when closer to the pile cap. This is consistent with the findings from the 
large-scale model tests, which were discussed in Chapter 6. There was no significant 
difference between the strains in MD and the strains in CD. This is probably due to the 
initial slippage of geotextile in the MD during the spin-up process. 
In Test 2, the strain gauges results show that all the strain gauges experienced 
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significant increase in strain during the spin-up process and subsequently decreased 
with time when subsoil settled due to consolidation. This shows that during the spin-up 
process, geotextile stretched due to embankment loading and thus led to significant 
increase in strain. In this case, the deep settlement plate and surface settlements results 
show that those friction piles and the embankment started to settle during the spin-up 
process. Therefore, unlike in Test 1, there was no readjustment in the strains in MD 
and CD during the spin-up process. After that, those friction piles continued to settle as 
the subsoil settled due to consolidation. This caused the whole embankment settled 
uniformly and led to the decrease in the geotextile strain. In addition, it can be 
observed that the strains in geotextile were lower in MD compared to those in CD. 
This shows that lower strain will develop in MD that has higher stiffness for strain 
compatibility. 
 In Test 3, the two different conditions as in Test 1 and Test 2 occurred in this tests. 
The strain gauges in both MD and CD recorded 0.05-0.45% strains throughout the test. 
There was no significant difference between the strains in MD and the strains in CD. 
 
6.13 The Importance of Geosynthetic Reinforcement in GRPE System 
 
Based on Swedish Road Board’s design chart, if the pile cap size is 0.21m as in the 
large-scale model tests, the maximum pile spacing is 0.5m with at least 1.7m soil fill at 
maximum (s/a)2 value. In other words, even the height of embankment fill is more than 
1.7m, the pile spacing also cannot exceed 0.5m in order to ensure the stability of the 
system. In the large-scale model tests, the piles were arranged in triangular grid with 
1.2m equilateral spacing, which results in 1.2m spacing in smaller span and 2.08m 
spacing in larger span. In Test 4, the results clearly show that the embankment fill 
completely collapsed during the removal of subsoil when no geosynthetic was placed 
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as basal reinforcement. However, the results of Test 2, Test 6, Test 8 and Test 9 clearly 
showed that when the pile spacing is 1.2m (i.e. much larger than the recommended 
maximum pile spacing of 0.5m based on Swedish Road Board’s Chart), the overall 
stability of the system still can be archived with the inclusion of geosynthetic 
reinforcement coupled with sufficient fill height. This showed that the geosynthetic 
reinforcement can enhance the stability of a low embankment with large pile spacing 
and small pile cap.  
This is because when soil subsidence occurs, the geosynthetic that acts as a 
tensioned membrane can deform to allow the development of partial soil arching effect 
in the embankment fill. In addition, the geosynthetic reinforcement can retain the 
collapsed infilling soil below the “arched zone” on the lower part of the embankment. 
This allows the propagated “arched zone”, which is due to the soil expansion during 
the yielding of soil, to be sustainable. Without geosynthetic reinforcement, the infilling 
soil and the “arched zone” will collapse when soil subsidence occurs. This will 
subsequently lead to the failure of embankment as stable arches may not be able to be 
established in piled embankment system without geosynthetic, with large clear spacing 
between piles (s’) and low embankment height (H).  
For GRPE system with low embankment, the “arched zone” will propagate until 
the surface of the embankment. Therefore, the stiffness of the geosynthetic that 
governs the deformation of geosynthetic reinforcement will have direct effect on the 
propagation of “arched zone” and the severity of surface settlement of embankment.   
When additional surcharge was placed and compacted, the “yielded soil” in the 
upper part of “arched zone” for a low embankment will be re-compacted. Therefore, 
the “arched zone” will become a gradual transition from a zero shearing stress on the 
upper part (i.e. the newly compacted surcharge layer) to the full mobilization of the 
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shearing resistance of sand on the lower part (i.e. the infilling soil below “arched 
zone”). This shows that the use of geosynthetic as basal reinforcement for low 
embankment can help in the re-stabilization of “arched zone” in the embankment fill 
when additional surcharge is added.  
This mechanism is particularly important in the actual construction of 
geosynthetics reinforced piled embankment over soft foundation soil. If no 
geosynthetics reinforcement is placed, the soft ground will experience consolidation 
settlement due to the embankment loading during the construction. As a result, “soil 
arches” cannot form as the ground keeps settling. With the inclusion of geosynthetic 
reinforcement, the reinforcement can retain the yielded soil fill and limit the settlement 
of the embankment during construction. In this case, the geosynthetic will deform with 
respect to the embankment loading, but the pile caps remain stationary. When the 
embankment fill was placed and compacted in layers, the differential displacement 
between the pile cap and geosynthetics causes the soil arching to develop in the 
embankment fill. This phenomenon will continue until “soil arches” are formed at 
sufficient fill height.   
In Series 2 of centrifuge model tests, the results show that the use of geotextile 
coupled with sufficient fill height will help in forming uniform surface settlements 
when the piles settle. Without geotextile, it is expected to form undulation on the 
embankment surface due to differential settlement between the soil masses located 
directly above pile caps and in-between pile caps. 
 
6.14 Concluding Remarks 
 
Some of the key mechanisms of GRPE system have been investigated from the 
large-scale model tests and centrifuge model tests. The observations and findings are 
Chapter 6: Mechanisms of GRPE 
 187 
summarized as follows: 
(a) The strain results show that there is a demarcation of “critical strain zone” and 
“non-critical strain zone”, associated with the deformation of the geosynthetics. 
(b) Along the “critical strain zone”, the geosynthetic strain is getting larger when 
closer to the pile cap. Therefore, the tensile force experienced by geosynthetic is 
expected to be maximal at the edge of the pile cap. 
(c) The deflection results show that the overall maximum vertical displacement of the 
geosynthetics occurred at the centre of non-critical strain zone. 
(d) The orientation of the main reinforcement directions of cross-laid geotextiles with 
respect to the arrangement of piles governs the demarcation of “critical strain 
zone” and “non-critical strain zone” as well as the location of the overall maximum 
vertical displacement of geosynthetics.  
(e) When the piles are installed in triangular grid with different pile spacing in two 
directions and the geosynthetics are perpendicularly cross-laid, the smaller spacing 
of piles will cause the restraining to the larger span, thus results in reducing the 
vertical displacement in the larger span. 
(f) In Test 4 (without geosynthetic reinforcement), the sandy soil fill was completely 
collapsed during the removal of subsoil. The comparison between Test 2 (with 
geosynthetic reinforcement) and Test 4 indicates that the stability of piled 
embankment with large piles spacing or/and small pile caps can be improved with 
the use of geosynthetic reinforcement. 
(g) The results show that the volume of surface settlement reduced significantly due to 
the increase of fill height. This is because the larger the fill height (H), the larger 
amount of soil volume that will undergo soil expansion during collapse of yielded 
soil mass. Hence, the net surface settlement could be significantly reduced. 
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However, this is valid only when the “soil arch” is developed in the embankment 
fill and able to transfer the additional vertical load to the piles. In such situation, 
additional fill on top of the dome of arched will help to distribute this “settlement” 
due to particles interaction with one another. 
(h) The results of the Series 1 of centrifuge model tests show that the increase in fill 
height can reduce the surface settlement as well as changing the shape of the 
surface settlement profile. In addition, the results also indicate that for stability 
criteria, the embankment fill height (H) must be more than 1.2B (where B is the 
width of cavity). For serviceability criteria, the required embankment fill height (H) 
is governed by the allowable serviceability limit of surface settlement based on its 
application. 
(i) The results show that geosynthetic with higher stiffness can reduce the localized 
deformation in embankment fill, and limit the formation of sinkhole as well as 
minimize the formation of surface settlement and tension cracks on the surface of 
embankment. 
(j) The results also show that when stiffer geosynthetic reinforcement is used, the 
volume of surface settlement reduced proportionally.  
(k) The results of the static load tests show that most of the additional loads have 
transferred to the piles via soil arching effect as well as to the boundary steel frame 
via tensioned membrane effect. 
(l) When GRPE is founded on low compressibility ground (i.e. stronger soil), the 
deformation of geosynthetic reinforcement during the construction stage will be 
restricted by the subsoil. As a result, there is no significant differential settlement 
occurred in the embankment fill, hence, soil arching effect cannot develop during 
this construction stage. The use of geosynthetic reinforcement is to retain the 
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collapsed infilling soil after the removal of subsoil in order to ensure the stability 
of the system. 
(m) When GRPE is founded on high compressibility ground (e.g. soft soil), the 
geosynthetic reinforcement is able to deform during the construction stage. Hence, 
soil arching effect can develop during this construction stage. The use of 
geosynthetic reinforcement has two purposes in this case: (1) to retain the yielded 
soil and limit the settlement of embankment during the construction stage, and (2) 
to retain the collapsed infilling soil due to soil subsidence. 
(n) The use of residual soil as embankment fill to replace sandy soil will not result in 
any significant changes to the performance of the GRPE system. However, the use 
of residual soil fill will have the danger of undrained failure due to its low 
permeability. Therefore, a good drainage system in the fill must be provided. 
(o) The results indicate that the 100mm-thick separation sand layer between 2 
geosynthetic layers will induce slightly more vertical displacement to the lower 
geosynthetic sheet than without separation. Hence, it was concluded that 
practically, there is no significant difference in performance as compared to 
stacking two layers of geosynthetics together without separation. 
(p) In Series 2 of centrifuge model tests, the results show that the use of geotextile 
coupled with sufficient fill height can result in a more uniform surface settlement, 
instead of undulation. In addition, for the case with high compressibility ground, 
the results also indicate that a proper design of pile tip embedding condition will 
govern the vertical movement of pile. Thus, a gradual transition in terms of 
settlement, from almost zero settlement at the rigid structure to a sizable settlement 
at the reinforced embankment, can be achieved.  
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Figure 6.1. The critical strain zones and non-critical strain zones of cross-laid 
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Figure 6.5. The overall maximum vertical displacement point of perpendicularly cross-





Figure 6.6. Deformation of lower geosynthetic reinforcement in E-W direction in 













0 300 600 900 1200


















) 0.5m fill (T est  1)
1.0m fill (T est  2)
1.0m fill +0.5m surcharge (Test 2)










Figure 6.7. Deformation of lower geosynthetic reinforcement in N-S direction in 
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(a) Test 1                                 (b) Test 2 
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(c) Test 6          (d) Test 8 
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(e) Test 9 
 




Figure 6.14. The observed rut after 5-tonne backhoe was driven across the 
embankment in Test 2b 
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Figure 6.15. Vertical loads exerted on piles measured by load cells during static load 











































Figure 6.16. Additional vertical displacement of lower geotextile measured by LVDTs 
during static load tests using 5-tonne backhoe in Test 2b 
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Figure 6.17. Vertical displacement of lower geotextile measured by LVDTs during 
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Figure 6.21. The small cavity on the surface of embankment  














Figure 6.24. The two observed vaults in embankment fill after the 6th cut 









Figure 6.26. A big cavity formed due to destruction of soil arching 
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Figure 6.29. Vertical soil stresses measured above the center of 4 piles during the 




Figure 6.30. Vertical soil stresses measured above the center of 4 piles during the 
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Figure 6.31. Vertical soil stresses measured above the center of 4 piles after placing 
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Figure 6.33. Vertical soil stresses measured by TPCs located 260mm away from the 
centre of Pile 1 in Test 8 
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Figure 6.35. Strain profiles of microgrid along N-S direction in Test 9 
 
 









-600 -400 -200 0 200 400 600







Pile 2 Pile 4 

















-1100 -900 -700 -500 -300 -100 100 300 500 700 900 1100







Pile 1 Pile 3 
Due to sudden removal 













Figure 6.37. Vertical soil stresses measured by TPCs located directly above Pile 1 
during construction in Test 9 
 
 
Figure 6.38. Vertical soil stresses measured by TPCs directly above Pile 2 during 
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Figure 6.39. Vertical soil stresses measured above the center of 4 piles during the 
construction of embankment in Test 9 
 
 
Figure 6.40. Vertical soil stresses measured above the center of 4 piles during the 












0 5 10 15 20 25 30 35





















) t = time after removal starts
    t = 0 to 5mins is opening of steel doors
    t = 6 to 125mins is manually removal of beads
H = 1.75m
Before removal
(after 3 hours stabilization)
t = 15s
t = 1min














0 5 10 15 20 25 30 35

































The embankment height at respective stage




Solid line : measured vertical soil pressure
Dotted line : overburden pressure
STEEL DOOR 1 STEEL DOOR 2
P2
P1 P3
P4 M easurement 
lo cation
Chapter 6: Mechanisms of GRPE 
 209 
 
Figure 6.40a. Propagation of arched zone due to the removal of subsoil in Test 9 
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Figure 6.47. Relation between width of cavity (B), fill height (H) and maximum 
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Figure 6.52. Deformation of lower geotextile reinforcement spinning between Pile 1 
and Pile 3 in Test 2 and Test 6 
 
 
Figure 6.53. Deformation of lower geotextile reinforcement spinning between Pile 1 
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Figure 6.54. The sinkholes and tension cracks formed in embankment fill when 












Figure 6.56. Effect of geosynthetic stiffness (J) and fill height (H) on percentage of 





Figure 6.57. Surface settlement, pile head settlement and geotextile deformation after 
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Figure 6.58. Development of pile axial force in Test 1 
 
 



























Figure 6.59. Development of pile axial force in Test 2 
 
 























Figure 6.60. Development of pile axial force in Test 3 
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Figure 6.61. Vertical soil stresses measured by stress cells located: (a) directly above a 
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(a) Directly above a pile cap 
 
 
               (b) Centre of 4 piles 
 
Figure 6.62. Comparison of measured vertical soil stress profiles between the 3 tests at 
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Figure 6.63. Development of strain in geotextile in Test 1 
 
 




















Figure 6.64. Development of strain in geotextile in Test 2 
 
 





















Figure 6.65. Development of strain in geotextile in Test 3 
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Chapter 7 
Semi-Analytical Solution and Design of GRPE 
 
 
7.1  Degree of Arching with respect to Vertical Load Transfer 
 
The degree of arching with respect to vertical load transfer can be evaluated by two 
parameters: efficacy of pile and competency. Efficacy of pile is the percentage by 
weight of soil fill carried by a pile cap in its tributary area. Competency is the ratio of 
the vertical load exerted on the pile cap to the weight of a soil column that having the 
same diameter as the pile cap. The formulas to compute the efficacy of pile and 









γ               (7.2) 
where PL is the load acting onto a pile cap;  A is the tributary area of one pile cap; γ is 
the unit weight of soil fill; H is the height of embankment and a is the pile cap size. 
The efficacies of piles and competencies in Test 1, Test 2, Test 6 and Test 8 are 
calculated and tabulated in Table 7.1, Table 7.2, Table 7.3 and Table 7.4 respectively. 
In this large-scale model tests configuration, the area of the circular steel pile cap is 
only 2.51% and 2.99% of hexagonal tributary area in N-S direction (Pile 1 and Pile 3) 
and in E-W direction (Pile 2 and Pile 4) respectively.  
Before the removal of subsoil, the average efficacies of the 4 piles were 11.60%, 
22.59%, 20.06% and 22.54% in Test 1, 2, 6 & 8 respectively. In addition, the average 
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competencies before the removal process were 4.21, 8.21, 7.22 and 8.31 in Test 1, 2, 6 
& 8 respectively. This shows that before removal, each pile was carrying only about 
12-23% of the embankment loading within its tributary area. The competency data 
shows that the vertical load exerted on each pile was more than the weight of the soil 
column directly above pile cap. This indicates that the portion of the soil column being 
carried by each pile is an inverted coned shaped column instead of cylindrical column. 
Furthermore, the results also show that the fill height has certain effect on the 
efficacies and competencies before the removal process. The efficacies and 
competencies recorded in Test 1 with 0.5m soil fill were about half of that in other 
tests with 1.0m fill. This indicates that before the removal process, the embankment 
with higher soil fill will cause the pile cap to carry more loads. 
After the removal of subsoil, the average efficacies were 84.26%, 92.14%, 89.36% 
and 92.68% in Test 1, 2, 6 and 8 respectively. It can be noticed that the efficacy of Pile 
2 in both Test 2 and Test 8 have exceeded 100%. This may be due to some non-
symmetrical stretching of geosynthetic reinforcement during the removal process in 
these two tests. As a result, more loads were transmitted to Pile 2 that located near the 
steel doors. Similarly, the average competencies were 30.88, 33.65, 33.56 and 34.53 in 
Test 1, 2, 6 and 8 respectively. It is very obvious that the average efficacies increased 
from 12-23% to 84-93% upon removal of subsoil. In addition, the vertical soil stresses 
measured at various locations and depths in the embankment fill, which was discussed 
in Section 6.7 of Chapter 6, clearly showed the presence of soil arching effect in the 
fill upon the removal of subsoil. Furthermore, the strain results also showed that the 
geosynthetic reinforcement experienced significant increase in strain after the removal 
of subsoil. These evidences verify the presence of both soil arching effect and 
tensioned membrane effect in the embankment fill. This can be simply explained by 
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referring to the sketches in Figure 7.1. In Figure 7.1a, when the fill thickness is much 
lower than the minimum fill height to develop soil arching (e.g. Test 1 with 0.5m fill 
height), the geosynthetic reinforcement deformed significantly upon removal of 
subsoil. This geosynthetic will then carry the load of the yielded soil fill. The tension 
of geosynthetic is eventually transmitted to the vertical support (i.e. piles). This is 
mainly a tensioned membrane effect case. In Figure 7.1b, when the fill height is large 
enough to develop soil arching,  most of the vertical loads will be transmitted to the 
piles via sol arching effect and only the weight of soil in the “infilling zone” will be 
carried by geosynthetic reinforcement. However, the loads carried by geosynthetic 
reinforcement will finally be transmitted to the piles via tensioned membrane effect. 
Again, comparing Test 1 (with H=0.5m) and Tests 2, 6 & 8 (with H=1.0m), it is 
clear that the average efficacy after the removal for H=1.0m cases were higher than 
that in Test 1. This can be explained by the observation from the sketch in Figure 7.1 
that most of the loads were carried by geosynthetic reinforcement in Test 1, of which 
part of them will be transmitted to the boundary steel frame. Conversely, in Tests 2, 6 
& 8, most of the loads were transmitted to the piles by soil arching. 
After the placement of 0.5m additional surcharge, the average efficacies of piles 
dropped to 82.53%, 83.22% and 81.55% in Test 2, 6 & 8 respectively. The average 
competencies of piles in the three tests also dropped to 30.07, 31.21 and 30.41 in Test 
2, 6 & 8 respectively. One of the possible reasons is that some of the load may transmit 
to the boundary steel frame via tensioned membrane effect. Another possible reason is 
that some portions of soil may have fallen to the non-considered tributary areas due to 
some horizontal slippage of geosynthetic. Therefore, the vertical loads carried by Pile 
1 to 4 were slightly lower than the expected values and thus lead to the decreased of 
efficacies of piles and competencies.    
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Table 7.1. The efficacies of piles and competencies in Test 1 
 










1 1.74 13.27 5.29 10.94 83.45 33.25 
2 1.76 16.00 5.35 9.56 86.90 29.05 
3 0.97 7.40 2.95 11.19 85.35 34.01 
4 1.07 9.73 3.25 8.95 81.36 27.20 
Ave. 1.39 11.60 4.21 10.16 84.26 30.88 
StDev 0.42 3.80 1.29 1.08 2.40 3.28 
* Ave.: Average; StDev: Standard Deviation 
 
 




After removal of 
subsoil (1.0m fill) 














1 5.52 21.05 8.39 23.14 88.25 35.16 29.04 73.84 29.42
2 6.05 27.50 9.19 22.72 103.26 34.52 30.03 90.99 30.42
3 5.16 19.68 7.84 23.35 89.05 35.48 31.72 80.65 32.13
4 4.87 22.13 7.40 19.36 87.99 29.42 27.93 84.63 28.29
Ave. 5.40 22.59 8.21 22.14 92.14 33.65 29.68 82.53 30.07
StDev 0.51 3.42 0.77 1.87 7.43 2.84 1.61 7.19 1.63 
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After removal of 
subsoil (1.0m fill) 














1 4.30 14.91 5.94 25.10 87.03 34.67 34.50 82.24 32.77
2 5.69 23.53 7.87 23.18 95.76 32.02 32.17 91.38 30.55
3 4.80 16.64 6.63 24.60 85.29 33.98 31.90 76.04 30.30
4 6.09 25.18 8.42 - - - - - - 
Ave. 5.22 20.06 7.22 24.29 89.36 33.56 32.86 83.22 31.21
StDev 0.82 5.05 1.13 1.00 5.61 1.37 1.43 7.72 1.36 
* Eff.: Efficacy; Com.: Competency; Ave.: Average; StDev: Standard Deviation 
 
 




After removal of 
subsoil (1.0m fill) 














1 4.40 16.78 6.69 21.40 81.62 32.52 28.50 72.46 28.87 
2 6.99 31.78 10.63 24.68 112.15 37.50 32.07 97.17 32.49 
3 5.00 19.07 7.60 22.10 84.29 33.58 29.50 75.01 29.88 
Ave. 5.46 22.54 8.31 22.73 92.68 34.53 30.02 81.55 30.41 
StDev 1.36 8.08 2.06 1.73 16.91 2.62 1.84 13.59 1.87 
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 7.2  Derivation of Radial Equilibrium Equation to Predict Vertical Stress 
Acting On Geosynthetic Sheet 
 
A schemetric diagram of the 2-D picture of the “arched zone” and the “infilling 
zone” spanning between two adjacent piles in conventional piled embankment system 
is shown in Figure 7.2. Also shown in this diagram is the vertical stress profile with 
depth proposed by Hewlett and Randolph (1988). It suggests that the turning points A 
and B correspond to the top and bottom of “arched zone”. With a predetermined value 
of pile spacing, the two important parameters in the estimation of vertical stress acting 
on geosynthetic reinforcement are: (1) height of dome, and (2) height of “infilling 
zone”. In this section, the estimation of the height of dome and the height of “infilling 
zone” in piled embankment with triangular piles grid will be discussed. Subsequently, 
the radial equilibrium equation will be derived to estimate the vertical soil stress at any 
points below the crown of arch. By incorporating those two parameters into this newly 
derived radial equilibrium equation, the vertical stress acting on geosynthetic 
reinforcement can be estimated.  
 
7.2.1 Height of Dome 
 
The height of dome (Hdome) or outer radius of “arched zone” (Ro) is the summation 
of the thickness of “arched zone” (Tarched) and the height of “infilling zone” (Hinfilling) 
(refer to Figures 7.3 and 7.4).  
As recommended in Chapter 6.9 of the German Recommendations for 
Geosynthetic Reinforcement Code EBGEO (draft) (Empfehlung 6.9, 2003), the height 
of dome (Hdome) for triangular piles grid is taken as half of the maximum pile spacing 
(smax) between the pile spacing in E-W direction (sx) and in N-S direction (sy) (Figure 
7.3). For present study, the side length of the equilateral triangular is 1.2m. The piles 
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spacing in two perpendicular directions are 1.2m (sx) and 2.08m (sy) respectively. As a 
result, the maximum pile spacing (smax) is 2.08m and the height of dome (Hdome) is 
1.04m (or 1040mm). This means, for triangular pile grid, the height of dome (Hdome) is 
governed by the maximum pile spacing (smax). 
In Test 9, before the removal of subsoil, the crown of arch was about 775mm from 
the microgrid level based on the vertical stress profile (refer to Figure 6.40a in Chapter 
6). After the removal of subsoil, the “arched zone” has propagated upwards about 
375mm based on the vertical stress profile change. Now, the crown of arch was located 
about 1150mm from the microgid. After deducting the vertical displacement of 
microgrid at this point (i.e. 103.26mm), the height of dome was calculated to be 
1046.74mm (or 1.046m), which is very closed to the Hdome value calculated based on 
EBGEO’s recommendation.  
This seems to indicate that EBGEO can give a reasonable prediction on the height 
of dome (Hdome).       
 
7.2.2 Height of “Infilling Zone” 
 
Hewlett and Randolph (1988) assumed that the thickness of the “arched zone” is 
uniform across the whole arch, and is equal to the thickness of half of the diagonal pile 
cap size. This is illustrated in Figure 7.2. This model also implies that the lower 
surface of the “arched zone” is a hemisphere passing through the edges of the pile 
caps, i.e. E1 and E2. Below this lower surface is the “infilling zone”. Thus, the height 
of this “infilling zone” is equal to half of the clear diagonal pile spacing, sd’. As being 
discussed in Chapter 6, the vertical soil stress results from large-scale model tests show 
that for GRPE system: (i) the thickness of “arched zone” (Tarched) is not uniform, (ii) 
the thickness of the “arched zone” (Tarched) at the centre is even larger than the height 
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of the “infilling zone” (Hinfilling) (Figure 7.4). The difference between the above 
observed behavior in GRPE system from that in Hewlett and Randolph (1988)’s model 
is mainly due to the presence of geosynthetic reinforcement. This difference also 
means that the vertical stress acting on the geosynthetic level calculated based on 
Hewleet and Randolph (1988) model is much larger than that measured in the large-
scale model tests, as shown in Figure 7.4a. Thus, for GRPE system, the use of the 
vertical stress acting on geosynthetic level computed from Hewlett and Randolph 
(1988)’s model to calculate the geosynthetic tension will over-estimate the actual 
value. Therefore, there is a need to make correction on the thickness of “arched zone” 
and the height of “infilling zone” when using radial equilibrium equation to estimate 
the geosynthetic tension. 
The “infilling zone” in GRPE system can be divided into two portions: (1) the 
portion above the top level of pile cap with a height of Habove, and (2) the portion below 
the top level of pile cap with a thickness of fmax, where fmax is the maximum vertical 
displacement of geosynthetic reinforcement. The total height of infilling zone is called 
the height of the “infilling zone” (Hinfilling). 
The value of Hinfilling in the large-scale model tests (i.e. Test 6, Test 8 and Test 9) 
was obtained from the TPCs results. The maximum vertical displacement of 
geosynthetic reinforcement (fmax) was obtained from LVDT results. Table 7.5 lists 
these 2 values as well as the computed Habove for Test 6, 8 and 9. It is noticed that the 
total height of “infilling zone” (Hinfilling) was within the range of 250mm-275mm (see 
Table 7.5).  
The total height of “infilling zone” (Hinfilling) can be estimated by assuming that this 
zone is bounded by Rankine’s active failure plane with inclined angle 45°-φ’/2, 
whereφ’ is the effective internal friction angle, as shown in Figure 7.5. With the 
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assumed value of φ’ from 30°-38° and the known value of clear pile spacing (s’), the 
Hinfilling can be estimated to be 241 to 5409mm as shown in Table 7.6. Comparing with 
the measured values of 250-275mm, it seems to suggest that φ’ is in the range of 30°-
32° at this “infilling zone”. The results indicate that the effective internal friction angle 
of soil (φ’) in the “infilling zone” has decreased from 38° as obtained from in-situ test 
to about 30°-32°. This is due to excessive yielding of soil in this zone during the 
removal of subsoil.  
For triangular pile grid with different pile spacing in two perpendicular directions, 
the total height of “infilling zone” (Hinfilling) will be different in these two directions. 
The “infilling zone” for larger span (with larger pile spacing) will be higher than that 
for smaller span (with smaller pile spacing). This implies that part of the “infilling 
zone” of the larger span is within the “arched zone” in the smaller span. Hence, the 
yielding of this part of “infilling zone” will be restrained. Conversely, the yielding of 
the entire “infilling zone” of the smaller span is not restrained as it is below the 
“arched zone” in the larger span. Consequently, full mobilization of shear resistance 
can thus occur in this “infilling zone”. As a result, the smaller pile spacing in triangular 
grid (i.e. pile spacing in E-W direction) will govern the formation of “infilling zone” in 
GRPE system.  
 
Table 7.5. Measured height of “infilling zone” in the large-scale model tests 
Large-scale 
model tests 
 Hinfilling obtained 
from TPC results 
(mm) 
Vertical displacement of 




Test 6 275 170.72 104.28 
Test 8 270  93.78 176.22 
Test 9 250 78.54 141.46  
Note: Hinfilling = Habove + fmax 
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Table 7.6. Estimation of height of “infilling zone”  





(m) φ’=30° φ’=32° φ’=38° 
1.20m 0.99 285.8 252.2 241.4 
2.08m 1.87  539.8 518.3 456.0 
 
7.2.3 Derivation of Radial Equilibrium Equation for the Estimation of Soil 
Stress within and below Arched Zone  
 
 As being discussed in Chapter 6, the vertical soil stress results show that the top 
surface of the “infilling zone” was much lower and the “arched zone” was much 
thicker than that in Hewlett and Randolph (1988)’s case. The vertical soil stress at any 
points below the crown of arch and the vertical soil stress acting on the geosynthetic 
reinforcement can be estimated by considering the radial equilibrium of the soil stress 
in the “arched zone”.  
 Vertical equilibrium of the bottom part (i.e. the base) of an inverted cone shape of 
soil below the crown of arch, as shown to Figure 7.4, requires that: 
 
dR
d Rσ + ( )
R
R θσσ −2
Rσ  = -γ               (7.3) 
 
where  
Rσ   is the radial stress 
θσ   is the tangential stress, i.e. RPK σσ θ =  
Kp   is the Rankine passive earth pressure coefficient. i.e. (1+sinφ’)/(1-sinφ’)   
R  is the outer radius of “arched zone” (i.e. Ro) 
γ   is the unit weight of soil  
Hi nf i l l i n
θ
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Equation 7.3 is a first order linear differential equation. The general solution of this 
equation is shown as follows: 
Rσ  = he− ( )CdReh +−∫ γ  
where RAdR
R
Ah ln== ∫ ; ( )pKA −= 12  
Substituting RAh ln= , gives 


































































γσ         (7.4) 
              
For triangular piles grid, it is assumed that the height of dome is equal to half of the 
maximum pile spacing (smax) between the pile spacing in E-W direction (sx) and in N-S 
direction (sy). Above this height, the soil will experience overburden pressure. 
Therefore, the largest outer radius of the arch (R) is equal to smax/2 and the 
corresponding vertical stress arising from overburden pressure is γ(H-smax/2). Solving 
equation 7.4 subject to these boundary conditions gives rise to:  
 
































γγγσ   
                     (7.5) 
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Equation 7.5 is a general equation for radial stress acting on soil along the centre 
line passing through the crown of the arch dome with whatever thickness of 
“arched zone” (Tarched).  
The total vertical stress acting on geosynthetic reinforcement at subsoil level is the 
vertical stress at the lower surface of the arch (i.e. solution Equation 7.5 with 
R=Hinfilling), and the vertical stress from the weight of the “infilling soil” beneath the 
arched region. This total vertical stress can thus be calculated as follows: 
  ( ) illingillingRs HHR infinf γσσ +==            (7.6)  
 
 The above equation is for the case where the cavity is formed after the construction 
of embankment with a predetermined fill height. In the case where additional 
surcharge is added after the formation of this cavity (i.e. the arch is established), 
additional vertical stress that is proportional to the added surcharge must be added. The 
additional vertical stress acting on subsoil level (Δσs) is given by: 
 qkqs =Δσ                  (7.7) 
where q is the applied additional surcharge; kq is the additional surcharge factor 
depending on the effectiveness of the “arched zone” being formed in reducing the 
additional surcharge. kq can be from zero (where arch is very stable) to one (where arch 
is not even formed).   
    
7.3 Verification of Vertical Soil Stress Profile from Prediction by Large-Scale 
Model Tests Results 
 
Figure 7.7 shows the predictions and the measured vertical soil stress profile below 
the crown of arch in Test 8 immediately after the removal of subsoil at H=1000mm. 
The predictions show good agreement with the measured values.   
Chapter 7: Semi-Analytical Solution and Design of GRPE 
 234
As discussed in Chapter 6, for low embankment, the “arched zone” will propagate 
until the surface of embankment due to expansion of soil in this “arched zone”. This 
causes this part of fill in the embankment to be “loosen up”. During subsequent 
placement of additional surcharge and compaction, the 0.25m of new fill material and 
another 0.25m of old fill material (which is directly below the new fill material) were 
desified. This implies that the upper surface of the “arched zone” moved downward. 
This explained the observation in Test 2c (“soil arch” observation test) that the dome 
height was 0.75m, instead of 1.04m as predicted based on EBGEO’s recommendation. 
Thus, the top 0.25m of the old soil will now regain its overburden pressure again. 
Below this point (i.e. 0.75m above the upper geosynthetic sheet), the overburden 
pressure starts to reduce due to soil arching effect. In Test 8, the additional vertical 
stress due to surcharge adding was about 8.1kPa. In the estimation of additional 
surcharge at the bottom surface of “arched zone”, the kq value was taken to be 0.3 for 
the first surcharge layer. For the subsequent surcharge layers, the kq values were taken 
to be 0.1 due to the diminishing effect of surcharge at greater depth. The comparison 
between the measured vertical soil stresses and the predictions at the centerline below 
the crown of arch for Test 8 is shown in Figure 7.8. The predictions show reasonable 
agreement with the measured vertical stresses. 
The same method was used to predict the vertical soil stresses at the centerline 
below the crown of arch in Test 6. In the prediction, the kq value was taken to be 0.3 
and 0.1 for the first and second surcharge layers respectively. The comparison between 
the measured vertical soil stresses and the predictions at the centerline below the crown 
of arch for Test 6 is shown in Figure 7.9. For Test 6, the comparison within the 
“arched zone” is not as good as that in Test 8. However, the predictions of vertical 
stresses acting on subsoil level were quite closed to the measured values.  
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7.4  Catenary Deformation Concept and Tensioned Membrane Theory for the 
Prediction of Maximum Deflection and Geosynthetic Tension  
 
From the observation of geosynthetic deflection profile, the geosynthetic 
deformation is closer to a catenery profile than a circular arc. Therefore, this section 
seek to couple the catenary deformation concept and load-extension characteristics of 
geosynthetic in order to arrive at a semi-analytical solution for the estimation of tensile 
force in geosynthetic reinforcement and its maximum vertical displacement at the 
middle of the span. The matching of this prediction with the measured data from the 
large-scale model tests will be summarized in the next section. Figure 7.10 shows the 
loading diagram based on catenary deformation concept for geosynthetic reinforced 
piled embankment. 
The following assumptions are made in this theoretical analysis:  
• Horizontal slippage of geosynthetic sheet during removal of subsoil is ignored, 
• There is no horizontal displacement, 
• The geotextile sheet is assumed to behave linear elastically, 
• The sheet is subjected to a uniformly distributed vertical load, and 
• The load remains vertical and constant after deformation has occurred. 
 
7.4.1 Predictions for One Geosynthetic Sheet Running in Single Direction 
 
Figure 7.11 shows the catenary deformed profile. The tensioned membrane 
components will be derived in this section. 






⎛≈= θtan  
where V is the vertical force component and H is the horizontal force component. 

























Δ , ∴ x
dx
dzHV Δ≈Δ            (7.8) 
For small increment in arc length, ( ) ( ) ( )222' yxL Δ+Δ=Δ  














Δ , ∴ ( ) xzL Δ+=Δ 21'           (7.9) 
To archive vertical equilibrium, 0=Σ yF  
Hence, 0' =Δ−−Δ+ LwVVV T  
 0' =Δ−Δ LwV T                (7.10) 
where wT is the uniformly distributed vertical load in kN/m with a width equals to pile 
spacing into the paper, which can be computed as follows: 
  sw sT σ=                  (7.11) 
Substituting Eq. 7.8 and Eq. 7.9 into Eq. 7.10,  
  xzwx
dx
dzH T Δ+=Δ 21  
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sw TT               (7.14a) 
From Eq. 7.13, the maximum deflection: y=ymax= f when 2
























sw TT               (7.15) 
 
(7.14)








From trigonometry,  1sinhcosh 22 =− AA            













fw TT  





H T −=  





H T≈             (7.16) 
The vertical force at a support (V) can be computed by considering the vertical 
force equilibrium.  
2
'Lw










⎛=  if f is relatively small. Therefore, L’≈ s’ in this case 




V T=                   (7.17a)  
The tension (T) in this catenary deformed sheet in kN can be derived based on the 



























































sswT T +=             (7.18a) 









⎛=     (kN)             (7.19) 
The average strain of geosynthetic reinforcement (εG) can be derived based on the 
final shape of geosynthetic sheet being a catenary. Assuming the elongated sheet is of 
a length of s’(1+εG), where s’ is the clear spacing between piles, the average strain of 




































e               (7.20) 
Assuming the geosynthetic reinforcement remains within the elastic range, hence, 
the elastic strain (εE) when tension is T can be expressed as: 
  maxεε ×=
u
E T
T                        (7.21) 
where Tu and εmax are maximum tension and strain in the reinforcement sheet. 
 Equating Eq. 7.20 and Eq. 7.21, it will results in the following expression relating 
wT and fmax. 
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                                                                                                                      (7.22) 
This formula can thus be used to compute the maximum vertical displacement of 
geosynthetic (fmax) for a given wT. Trial-and-error procedure is needed to solve for fmax 
in Eq. 7.22.  
Subsequently, the average strain of geosynthetic (εG) and its tensile force (T) can 
be calculated by substituting the obtained maximum displacement value (fmax) into Eq. 
7.20 and Eq. 7.18a respectively. 
 
7.4.2 Predictions for Two Geosynthetic Sheets Running in Two Perpendicular 
Directions 
 
For the case using two perpendicularly cross-laid geosynthetic sheets in unequal 
pile spacing in 2 directions, the net vertical displacement of geosynthetic is computed 
by taking into account the contribution of the reinforcement of one span in reducing 
the vertical displacement of the other span.  
For both x-x (smaller span, say) and y-y spans (larger span, say), the maximum 
vertical displacement of each span (fmax-x and fmax-y), the vertical force at the support (Vx 
and Vy) and its tensile force in geosynthetic (Tx and Ty) are computed individually. 
This will result in two different values of fmax at the centre. It was noted that the centre 
of 2 perpendicular spans meet at the same point as shown in Figure 7.11a. Thus, the 
final deflection has to be unique, i.e. final fmax-x= final fmax-y= fmax. In view of this, a 
simplified procedure is proposed to calculate this “balancing” of fmax. 
It implies that the strip with smaller span (which gives smaller fmax) is actually 
acting as a restricting “support” to the strip with larger span, assuming both strips have 
Chapter 7: Semi-Analytical Solution and Design of GRPE 
 241
the same stiffness. Thus, this reduces the maximum vertical displacement of the strip 
with larger span. On the other hand, the strip with larger span is “forcing” the strip 
with smaller span to deflect more. As a result, the reaction force, R, at the intersect 
point of these 2 strips should be the same in magnitude for both strips.  
After taking into account this “balancing force”, the vertical forces for both x-x 
direction (Vx-new) and y-y direction (Vy-new) are as follows: 
 For x-x direction, RVR
swV xxTnewx +=+=− 2
'
        (7.23a) 






        (7.23b) 
where sx’ and sy’ are the pile spacing in x-x direction and y-y direction respectively. 
The reaction force, R, at the intersect point of these 2 strips is the same, hence: 
yxnewynewx VVVV +=+ −−               (7.24) 
newyyxnewx VVVV −− −=−   
RVV yx =Δ=Δ                 (7.24a) 
It can be noticed that Eq. 7.24 is undetermined as Vx-new and Vy-new are two unknowns. 
For simplicity, it is assumed that the reaction force (R) becomes a support for the 











⎛=                (7.25) 
The vertical forces for both directions now become: 
For x-x direction, yxnewx VVV 2
1+=−             (7.26a) 
For y-y direction, ynewy VV 2
1=−              (7.26b)  
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The tension in the goesynthetic strips in both x-x direction and y-y direction can be 
computed based on Eq. 7.19, as follows: 
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         (7.27b) 
These two T values (Tx and Ty) are not the same due to the difference in vertical force 
of 2 strips.  
After taking into account the restraining effect, the total tension for both smaller 




























⎛=    (kN)           (7.28b) 
However, the value of fmax is still unknown at this stage. Therefore, an initial value of 
fmax must be assumed at this stage to obtain Tg-x and Tg-y, and will be verified later. This 
value can be estimated as: 
( )xyfx ffkff −−− −+= maxmaxmaxmax            (7.29) 
where kf is the coefficient of additional vertical displacement to smaller geosynthetic 
span due to restraining effect. In most of the cases, kf ranges from 0.2 to 0.5. The 
possible maximum value of kf is 0.5, as this represents the average vertical 
displacement of the two perpendicular spans. The absolute minimum value is zero. For 
trial-and-error, a minimum value of 0.2 is recommended (if needed, kf lower than 0.2 
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may be used). 
The change in tensile force (ΔT) for x-x span and y-y span can be computed as:  
xxgx TTT −=Δ −                 (7.30a) 
yygy TTT −=Δ −                 (7.30b) 
The additional vertical displacement of the smaller span (Δfmax-x) due to this 
additional tensile force (ΔTx) will be back calculated and then added onto its initial 
computed vertical displacement (fmax-x). The final deflection is then representing the 
vertical displacement at the centre of 4 piles (fmax). If this final fmax is too different from 
the assumed initial fmax using Eq. 7.29, then this final fmax will be used to repeat the 
process in calculating Tg-x, ΔTx and Δfmax-x, until the final fmax is almost the same as the 
assumed initial fmax. 
 
7.5  Verification of Prediction of Maximum Deflection and Tension Using 
Large-Scale Model Tests Results 
 
The large-scale model tests results from Test 1, Test 2, Test 3 and Test 8 will be 
analysed in detail, and used to verify the appropriateness of the proposed prediction 
method stated in Sections 7.3 and 7.4. The aspects of verification will focus on the 
geosynthetic deflection as well as the tensile force in geosynthetic.  
 
7.5.1  Geosynthetic Deflection 
 
Figure 7.12 shows the predicted and measured vertical displacements of geotextile 
at the center of the model under different fill height for Test 1 and 2. Figure 7.13 
shows the predicted and measured vertical displacements of geotextile at the center of 
the model for Test 8. In Tests 1, 2 and 8, sandy soil was used as embankment fill. 
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From the above 2 figures, it can be observed that the theoretical prediction seems to 
agree reasonable well with the measured vertical displacement of geotextile in Tests 1, 
2 and 8.  The difference between the predicted values and measured values are within 
the range of ±2%. Those differences are within the acceptable range. 
The same approach was used to compute the vertical displacements of geotextile at 
the center of the model (Figure 7.14) for Test 3, which used residual soil as 
embankment fill. The results show that the vertical displacements were over-estimated 
by 13-16%. However, the predicted values are on the conservative side.  
Generally, the theoretical prediction seems to agree reasonable well with the 
measured deformation pattern. This shows that the vertical displacement of 
geosynthetic reinforcement at the centre of 4 piles can be estimated reasonably well 
using this semi-analytical model. 
 
7.5.2 Geosynthetic Tensile Force  
 
Referring to Eq. 7.28a and Eq. 7.28b, of which, Tg-x and Tg-y are the geosyntheitc 
reinforcement tension in a unit cell computed from the equilibrium tension arising 
from 2 perpendicular yarns’ direction. It is noted from Chapter 6 that the critical strain 
zone has significant contribution on the development of tensile force in geosynthetic. 
Thus, only this narrow strip of reinforcement is carrying most of the tension. BS8006 
(1995) recommends that this geosynthetic strip has a width of pile cap diameter. 
However, the strain gauges results show that the effective width of geosynthetic strip 
that carries the major portion of tension force is actually having a width of larger than 
the pile cap diameter. This implies that it is too conservative if only the width of pile 
cap diameter is considered, i.e. kT=1 (Figure 7.15). Thus, Eq. 7.28a and Eq. 7.28b have 
to be modified as: 
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− =   (kN/m)         (7.31a) 







− =    (kN/m)        (7.31b) 
where Tg-x and Tg-y are the tensile forces per unit cell with a width equals to pile 
spacing for x-x direction and y-y direction respectively; a is the pile cap diameter and 
kT is the correction factor for effective strip width. 
As discussed in Chapter 6, the maximum tensile force of a geosynthetic span is 
expected to occur at the edge of the pile cap where the span is vertically restrained. In 
the large-scale model tests, strain gauges were installed near the edges of pile caps 
within the critical strain zone to measure the maximum strain developed in 
geosynthetic reinforcement. This will give the magnitude of the tension carried by this 
narrow strip with a width of kTa into the paper: 
CFT measuredmeasuredstrip ×= ε,     (kN/m)          (7.32) 
where εmeasured is the measured value by strain gauge in the large-scale model test and 
CF is the calibration force that can be obtained from Appendix F which reported the 
results of wide-width tensile test of the same geosynthetic. 
The comparison between the measured tensile forces and the average predicted 
tensile forces in Tests 1, 2 and 8 are summarized in Table 7.7. The comparison shows 
that using kT=1, as recommended by BS8006, will over-estimate the tensile force in 
the geosynthetic. For most of the cases shown in Table 7.7, the measured Tstrip values 
were closed to the predicted values using kT=2.5 to kT=3.5. For a conservative design, 
kT=2.5 is recommended to be used in computing the tension in geosynthetic 
reinforcement. This implies that the main tension force is concentrated within a width 
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of 2.5 times the pile cap diameter. 
 
Table 7.7. Comparison of measured and computed tensile forces (T) in critical strain 
zones in longitudinal and transverse directions for Tests 1, 2 and 8 
 
 Measured Predicted 









1.20 25.25 16.18 77.05 30.82 22.01 Test 1 
(0.5m sand) 2.08 28.00 17.17 81.76 32.70 23.36 
1.20 20.35 16.18 77.05 30.82 22.01 Test 2 
(1.0m sand) 2.08 25.85 17.17 81.76 32.70 23.36 
1.20 34.82 20.53 97.76 39.10 27.93 Test 2 
(1.5m sand) 2.08 37.76 21.32 101.52 40.61 29.01 
1.20 36.50 22.64 107.81 43.12 30.80 Test 8 
(1.0m sand) 2.08 36.50 25.29 120.43 48.17 34.41 
1.20 42.00 27.01 128.62 51.45 36.75 Test 8 
(1.25m sand) 2.08 40.50 29.91 142.43 56.97 40.69 
1.20 44.00 28.41 135.29 54.11 38.65 Test 8 
(1. 5m sand) 2.08 43.75 31.38 149.43 59.77 42.69 
1.20 47.50 29.79 141.86 56.74 40.53 Test 8 
(1.75m sand) 2.08 45.75 32.82 156.29 62.51 44.65 
 
7.6   Design of GRPE System 
 
The design of GRPE system is divided into two steps: (1) to estimate the vertical 
soil stress acting on geosynthetic (σs) at subsoil level with the presence of soil arching 
effect, and (2) to select the most suitable geosynthetic reinforcement based on its 
stiffness modulus (J) in order to fulfill the serviceability limit requirements. Therefore, 
two design charts were developed based on this semi-analytical model for the design of 
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GRPE system for both square pile grid and triangular pile grid. The design of 
geosynthetic reinforcement using these design charts will be on the conservative side, 
as the worst case scenario (i.e. the presence of the largest tension membrane effect) has 
been considered in the derivation of this semi-analytical model. 
 
7.6.1 Estimation of Vertical Stress on Geosynthetic 
 
The chart shown in Figure 7.16 was developed based on Eq. 7.5 and Eq. 7.6 for the 
ease of estimating of vertical soil stress acting on geosynthetic (σs) at subsoil top level. 
The value of σs can be estimated based on the unit weight of embankment fill (γ) and 
the calculated height of infilling zone (Hinfilling) using Rankine’s active failure inclined 
angle. 
From this chart, the influence of two important parameters on the estimation of σs 
can be evaluated. These two parameters are: (1) the height of infilling zone, Hinfilling 
and (2) the minimum pile spacing in triangular grid (say sx) or the diagonal spacing in 
square grid (sd). It is noted that from square pile grid, it is the diagonal pile spacing that 
control the height of infilling zone (Hinfilling) as the arches are spanned diagonally. For 
triangular pile grid, the key controlling spacing is the smaller span (say sx). However, it 
was observed that sy must be within certain range such that the arch is formed and 
stable. One simple guide is that the height of embankment fill (H) must be greater than 
half of sy. From Figure 7.16, the vertical stresses acting on geosynthetic (σs) can be 
estimated using Hinfilling value, which was calculated using the pile spacing in smaller 
geosynthetic span (sx) (for triangular grid) or diagonal spacing (sd) (for square grid), 
and the Rankine’s active failure plane with inclined angle 45°-φ’/2. After that, the 
estimated σs value will be used to design the geosynthetic reinforcement in next step. 
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7.6.2 Estimation of Geosynthetic Tension and Maximum Deflection 
 
Figure 7.17 shows the relations between Tg, fmax/s’, wTs’ and J for a geosynthetic 
reinforcement span. In the development of this chart, a program was written using 
MATLAB based on Eq. 7.20 (refer to Appendix G). For a given wTs’ and a selected 
stiffness of geosynthetic (J), this chart can be used to estimate the tensile force in a 
geosynthetic (Tg) with a width equals to pile spacing; and the corresponding maximum 
vertical displacement at the mid-span (fmax). This helps to select a suitable geosynthetic 
to fulfill the serviceability limit requirements of GRPE system.  
For triangular piles grid case, the tensile force in the perpendicularly cross-laid 
geosynthetic (Tg) and the maximum vertical displacement of geosynthetic (fmax) at the 
centre of the rhombus (4 piles) are estimated by taking into account the restraining 
effect caused by the difference in piles spacing in two perpendicular directions. The 
sequences are as follows: 
(1) The maximum vertical displacement of each span (i.e. fmax-x and fmay-y) and its 
tensile force in geosynthetic (Tx and Ty) are obtained individually from the 
chart based on a selected geosynthetic type.  
(2) The vertical forces for smaller span (Vx) and larger span (Vy), as well as the 
difference in vertical forces due to restraining effect (ΔV=Vy/2) are computed.  
(3) The new vertical forces for smaller span (Vx-new) and larger span (Vy-new) are 
calculated.  
(4) An initial value of fmax must be assumed. A good estimation of this value is 
given by Eq. 7.29. 
(5) The new tensile force in geosynthetic with smaller span (Tg-x) is computed 
using Vx-new and the assumed value of fmax.  
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(6) The additional tensile force for the smaller span (ΔTx=Tg-x-Tx) is then 
calculated.  
(7) The additional vertical displacement (Δfmax-x) of smaller span induced by this 
additional tensile force (ΔTx) will be back-estimated from the chart.  
(8) The sum of the initial vertical displacement of the smaller span (fmax-x) and the 
additional vertical displacement (Δfmax-x) will be the final maximum vertical 
displacement of geosynthetic (fmax) at the centre of the rhombus, which is 
bounded by 4 piles.  
(9) If this final fmax in step (8) is too different from the assumed initial fmax in step 
(4), then this final fmax will be used to repeat the process from step (5) to step 
(8), until the final fmax is almost the same as the assumed initial fmax. 
(10)  Then, the final fmax in step (9) will be used to compute final Tg-y. 
(11) If any of the three parameters obtained (i.e. Tg-x, Tg-y and fmax) does not fulfill 
the design requirements, the whole process will be repeated with different J 
value until the most suitable geosynthetic type is selected. 
For square piles grid case, there is no restraining effect caused by the difference in 
piles spacing in two perpendicular directions. Therefore, the tensile force in both 
perpendicular direction (Tg) and the maximum vertical displacement of geosynthetic 
(fmax) at the centre of 4 piles can thus be estimated directly from Figure 7.17 based on 
the selected geosynthetic type. 
It should be noted that the design steps in Section 7.6.2 is for a given pile spacing 
(s), pile cap diameter (a) and fill height (H), which yielded a specific wTs’ from Section 
7.6.1. If there is a change in s, a, or H in the course of design, then Section 7.6.1 
should be repeated before going on to Section 7.6.2. 
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7.6.3 Verification of Newly Developed Design Charts 
 
 For the verification of the two newly developed design charts, the test 
configurations, soil properties and geosynthetic parameters from the large-scale model 
tests were used. Table 7.8 summarizes the detailed computation in the verification of 
newly developed design charts. 
Based on the actual fill height and geosynthetic used in Test 8, the vertical soil 
stress acting on geosynthetic is estimated to be 6.2kN/m2, which is slightly larger than 
the measured value of 4.2kN/m2 (i.e. 2.3kN/m2 was measured at 100mm above the 
geosyntheitc plus 1.9 kN/m2). The maximum vertical displacement of geosynthetic at 
the centre of 4 piles was estimated to be 102mm from the design chart. This is very 
closed to the measured value of 95mm in Test 8.  
In addition, for Test 2, the estimated maximum vertical displacement of 
geosynthetic at the centre of 4 piles was 146mm. This shows good agreement with the 
measured value of 149mm in Test 2. 
In summary, this shows that the estimation of the vertical soil stress acting on 
geosynthetic and the vertical displacement of geosynthetic using these newly 
developed design charts were found to be very satisfactory as compared to the actual 
measurements from large-scale model tests. 
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Table 7.8. Computation in the verification of newly developed design charts 
 
  Test 8 Test 2 
Unit weight of fill, γ kN/m3 19 19 
φ' in "infilling zone" o 30 30 
θ o 30 30 
Hinfilling mm 286 286 
        
Pile cap size, a  m 0.21 0.21 
Pile spacing (smaller), sx m 1.2 1.2 
Pile spacing (larger), sy m 2.08 2.08 
Gtx stiffness, J kN/m 1818 600 
        
σs  (Fig. 7.16) kN/m2 6.2 6.2 
wTsx' kN 7.37 7.37 
wTsy' kN 24.12 24.12 
        
fmax-x/sx'  (Fig. 7.17)   0.057 0.085 
fmax-y/sy'  (Fig. 7.17)   0.087 0.13 
Tx  (Fig. 7.17) kN 15 14 
Ty  (Fig. 7.17) kN 36 28 
fmax-x   m 0.056 0.084 
fmax-y   m 0.163 0.243 
        
Vx  (Eq. 7.17a) kN 3.68 3.68 
Vy  (Eq. 7.17a) kN 12.06 12.06 
ΔV (Eqs. 7.24a & 7.25) kN 6.03 6.03 
        
Assumed kf   0.42 0.38 
Assumed fmax m 0.101 0.145 
Tg-x  kN 25.7 19.3 
ΔTx  kN 10.7 5.3 
Δfmax  (Fig. 7.17) m 0.046 0.062 
Σfmax  m 0.102 0.146 
        
Check: Σfmax vs. Assumed fmax    OK OK 
 
7.7  Concluding Remarks 
 
The degree of arching with respect to vertical load transfer can be evaluated by two 
parameters: efficacy of pile and competency. The results show that before the removal 
of subsoil, the vertical load exerted on each pile was more than the weight of the 
cylindrical soil column directly above pile cap. This indicates that the portion of the 
Chapter 7: Semi-Analytical Solution and Design of GRPE 
 252
soil column being carried by each pile is an inverted coned shaped column instead of 
cylindrical column. After the removal of subsoil, both efficacies of piles and 
competencies increased significantly. In addition, the vertical soil stresses measured at 
various locations and depths in the embankment fill clearly showed the presence of soil 
arching effect in the fill upon the removal of subsoil. Furthermore, the strain results 
also showed that the geosynthetic reinforcement experienced significant increase in 
strain after the removal of subsoil. This shows that geosynthetic reinforcement has 
enhanced the load transfer ability of the system via both soil arching effect and 
tensioned membrane effect. In addition, the results also show that the embankment fill 
height has significant effect on the performance of GRPE system. 
  In this chapter, a semi-analytical model is proposed for the design of GRPE 
system. This model consists of two parts. The first part is the use of radial equilibrium 
equation to estimate the vertical soil stress acting on geosynthetic reinforcement at the 
subsoil level. The second part involves the tensioned membrane theory that couples the 
catenary deformation profile and load-extension characteristics of the geosynthetic for 
the estimation of geosynthetic parameters: maximum deflection, geosynthetic strain 
and tension in geosynthetic.  
The two important parameters in the estimation of vertical stress acting on 
geosynthetic reinforcement are: (1) pile spacing, and (2) height of “infilling zone”. It 
was noted that pile spacing affects directly the height of dome (Hdome). The height of 
dome (Hdome) or outer radius of “arched zone” (Ro) is the summation of the thickness of 
“arched zone” (Tarched) and the height of “infilling zone” (Hinfilling). This Ro is taken as 
half of the maximum pile spacing (smax), as recommended in Chapter 6.9 of the 
German Recommendations for Geosynthetic Reinforcement Code EBGEO (draft) 
(Empfehlung 6.9, 2003). From the results of large-scale model tests, it was observed 
Chapter 7: Semi-Analytical Solution and Design of GRPE 
 253
that the “infilling zone” in GRPE can be divided into two portions: (1) the portion 
above the top level of pile cap with a height of Habove, and (2) the portion below the top 
level of pile cap with a thickness of the maximum vertical displacement of 
geosynthetic reinforcement (fmax). The total height of “infilling zone” (Hinfilling) can be 
estimated by assuming that this zone is bounded by Rankine’s active failure plane with 
inclined angle 45°-φ’/2, where φ’ is the effective internal friction angle. Comparing 
with the measured values from large-scale model tests, the result shows that φ’ ranges 
30°-32° can be used to estimate the value of Hinfilling reasonably well. It was found that 
in triangular pile grid with different pile spacing in two perpendicular directions, the 
smaller pile spacing governs the formation of this “infilling zone” in GRPE system.  
Radial equilibrium of the soil stress in the “arched zone” was derived to estimate 
the vertical soil stress at any points below the crown of arch and the vertical stress 
acting on the geosynthetic reinforcement. The estimated Hdome and Hinfilling from the 
earlier stages serve as part of the boundary conditions in estimating the total stress 
acting on geosynthetic reinforcement at subsoil level. In addition, the additional 
surcharge factor (kq) is introduced to cater for the additional vertical stress induced by 
the additional surcharge, which is added on top of the embankment after the formation 
of this cavity. The predictions using this semi-analytical model show reasonable 
agreement with the measured vertical soil stresses from large-scale model tests (i.e. 
Test 6 and Test 8).  
A semi-analytical solution was developed to estimate the geosynthetic parameters 
for two cases: (1) one geosynthetic sheet running in single direction, and (2) two 
geosynthetic sheets running in two perpendicular directions. In the latter case, i.e. 
using two perpendicularly cross-laid geosynthetic sheets in unequal pile spacing in 2 
directions, the net vertical displacement of geosynthetic is computed by taking into 
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account the contribution of the reinforcement of one span in reducing the vertical 
displacement of the other span. The comparison shows that the vertical displacement 
of geosynthetic reinforcement at the centre of 4 piles can be predicted reasonably well 
using this semi-analytical model. In the estimation of tension in geosynthetic 
reinforcement, a correction factor for effective geosynthetic strip width (kT) is 
introduced to estimate the tensile force carried by the geosynthetic strip with a 
effective width of “critical strain zone”. The measured Tstrip values from large-scale 
model tests were closed to the predicted values using kT=2.5 to kT=3.5. For a 
conservative design, kT=2.5 is recommended to be used in computing the tension in 
geosynthetic reinforcement. 
Finally, two charts were developed to be used in the design a GRPE system for 
both square pile grid and triangular pile grid. The first chart was developed for 
estimating of vertical soil stress acting on geosynthetic (σs) at subsoil top level. The 
value of σs can be estimated based on the unit weight of embankment fill (γ) and the 
calculated height of infilling zone (Hinfilling) using Rankine’s active failure inclined 
angle. The second chart was developed to estimate the tensile force in geosynthetic 
strips (Tg-x and Tg-y) with a width equals to pile spacing, and the corresponding 
maximum vertical displacement at the mid-span (fmax) based on the selected stiffness 
modulus of geosynthetic (J), and the given pile spacing (s) and pile cap diameter (a). 
The predictions of the vertical soil stress acting on geosynthetic and the vertical 
displacement of geosynthetic using these newly developed design charts were found to 
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Figure 7.2. Vertical soil stress distribution below the crown of arch (after Hewlett 













Figure 7.3. Definition of maximum pile spacing (smax) and outer radius of the “arched 
























Figure 7.4a. Vertical soil stress profile by Hewlett and Randolph (1988) and the 
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Figure 7.6. Vertical equilibrium of the base of an inverted cone shape of soil below the 
crown of arch 
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Figure 7.7. The measured vertical soil stress profile below the crown of arch in Test 8 





Figure 7.8. The measured vertical soil stress profile below the crown of arch in Test 8 
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Figure 7.9. The measured vertical soil stress profile below the crown of arch in Test 6 
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Figure 7.11a. Deflection of geosynthetic for different pile spacing in two perpendicular 
directions 
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Figure 7.12. The predicted and measured vertical displacements of geotextile at the 
center of the model for Test 1 and 2 
 
 
Figure 7.13. The predicted and measured vertical displacements of geotextile at the 
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Figure 7.14. The predicted and measured vertical displacements of geotextile at the 
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Chapter 8 
Full-Scale Field Test 
 
 
8.1   Background of Project 
 
This chapter describes the case study of the first geosynthetic reinforced piled 
embankment project associated with a major expressway in Singapore. The design, 
construction and instrumentation of this project will be described. The rapid expansion 
of housing estates in Kallang and Paya Lebar areas created an increased traffic demand 
that could not be fulfilled by the existing Tampines Road, Singapore.  As part of Land 
Transport Authority (LTA)’s plan to develop a comprehensive road network to cater 
for the expanded traffic flow, a new S$1.741 billion expressway – Kallang / Paya 
Lebar Expressway (KPE) is built. When completed, the KPE will facilitate traffic flow 
from the northeast, such as Hougang, Serangoon, Sengkang and Punggol to the central 
business district.  
The KPE will be a dual 3-lane expressway, and stretch over 12km from the 
Tampines Expressway (TPE) in the northeast of Singapore to the East Coast Parkway 
(ECP) in the south. About 9km of the expressway, from East Coast Parkway (ECP) to 
Defu Lane 3, will be built entirely underground as road tunnels using the cut-and-cover 
method. This will make it the longest underground expressway in Southeast Asia. 
Physical works on the KPE started in 2001 and is targeted to complete in 2008.  
Civil construction works are being divided in six contracts (Figure 8.1). Four of 
these contracts will be for the tunnel section: ECP to Nicoll Highway (C421), Nicoll 
Highway to Pan Island Expressway (PIE) (C422), PIE to Ubi Road 2 (C423) and Ubi 
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Road 2 to Defu Lane 3 (C424). The remaining two contracts are for the at-grade 
section: Defu Lane 3 to Fish Farm Rd (C425) and Fish Farm Rd to TPE (C426).  
 
8.2   Introduction of Full-Scale Field Test 
 
C426 section is a two kilometres stretch of the KPE that connects Lorong Halus 
Interchange at TPE to the proposed interchange at Tampines Road. The proposed site 
for this section is situated in an old dumping ground for several decades, which 
consists of thick deposit of soft material, loose dumping material and occasionally 
peat. As a result, the expressway constructed over this kind of ground condition is 
expected to experience significant ground settlement in both short term and long term. 
In addition, at Chainage 11220 to 11250 of this C426 section, the expressway has to be 
constructed across a numbers of existing buried sewer pipes. Reinforced concrete (RC) 
slab supported by bored piles at two edges will be constructed to protect the sewer 
pipes. An intersection will be built on the right side of this RC slab (refer to Figure 8.2 
and Figure 8.3). In the design of the intersection of this expressway section, 
geosynthetic reinforced piled embankment (GRPE) system has been proposed as a 
ground improvement method to minimize the differential settlement between the road 
section and the reinforced concrete slab.  
This being the first geosynthetic reinforced piled embankment constructed for a 
major expressway in Singapore, the Land Transport Authority (LTA) of Singapore 
therefore required this system to be instrumented and monitored for validation and 
confirmation of the design concept and specific design parameters used. As a result, 
extensive instrumentation was designed, planned and implemented at two sections, in 
order to monitor the performance of the system for both short and long term.  
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8.3  Ground Conditions 
 
Generally, the route of the whole KPE falls within the old alluvium formation and 
soft Kallang formation within the valleys. The proposed site for C426 section is an old 
dumping ground for several decades. Several boreholes and soil testing were carried 
out to ascertain the stratigraphy. The original ground surface was at Reduced Level 
(RL) of 108m. The simplified and idealized soil profile near the instrumentation 
sections is shown in Figure 8.4. The approximately 9m-thick backfill layer on the top 
consists of dark grey fine-to-coarse sand, soft dredged material, plastic sheets, wood 
pieces, broken glass, organic matters and occasionally peat. The backfill is underlain 
by the Old Alluvium formation. The loose to medium dense clayey sand, silty clay, 
clayey silt and silty sand are characteristic soils of the Old Alluvium at this location. 
The ground water table is approximately 2-3m below the ground surface. The first 3 
layers of soil, i.e. backfill layer, clayey sand layer and silty clay layer, are expected to 
experience significant ground settlement due to embankment loading. Therefore, 
GRPE system has been proposed to minimize the differential settlement between the 
road section and the RC slab.  
 
8.4  Proposed GRPE System 
 
Based on the original piled embankment design without geosynthetics (Swedish 
Road Board Design), the pile spacing has to be smaller than 1.7m for 1.75m fill height 
embankment with 1.0m square reinforced concrete pile caps with well compacted 
sandy soil as back fill material. Study was conducted and it was shown that with the 
inclusion of geosynthetic as basal reinforcement, the pile spacing can be confidently 
increased to 2.5m for the same conditions.  
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Figure 8.3 shows the cross sectional view of the GRPE system. This system was 
designed to minimize the differential settlement between the road section and the 
reinforced concrete slab that was constructed to protect those existing buried sewer 
pipes. It can be noticed that the piles that are located near the RC slab are longer. This 
is because those piles are designed to be end-bearing and expected to settle very 
minimal, as the full weight of the embankment will be transmitted to the hard stratum. 
While the piles located further away are shorter and expected to settle more. This will 
form a gradual transition from the RC slab to the embankment founded on highly 
compressible ground. In addition, the advantages of this system include cost and time 
saving as well as minimization of disturbance to the nearby existing road with heavy 
traffic flow. 
Two layers of woven geotextile were perpendicularly cross-laid and separated by a 
thin layer of sand fill to provide reinforcements in two perpendicular directions. These 
geotextile reinforcements, which were placed within a sand blanket, were used to form 
a reinforced platform to effectively transfer the vertical load. The average ultimate 
tensile strength of this geotextile in machine direction and cross machine direction is 
150kN/m (at 21% strain) and 134kN/m (at 29% strain) respectively. The reinforced 
embankment was supported by 225mm×225mm square RC piles with 2.5m spacing. 
Figure 8.5 shows the installation of RC piles at the site. The 1m×1m individual square 
RC pile caps were cast on each pile (Figure 8.6). The pile caps only occupied 16% of 
the total area.  
 
8.5  Instrumentations and Monitoring Program 
 
The two instrumentation sections, i.e. Section A and Section B, are located 
approximately 13.5m and 26m away from the right edge of RC slab respectively. The 
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length of piles in Section A and Section B are approximately 24m and 18m 
respectively. In addition, the maximum allowable settlements of piles are 40mm and 
100mm for Section A and Section B respectively. The instrumentations were planned 
to be placed across two lanes of the expressway, i.e. the slow lane and the medium 
lane, covering about 7.5m width. The monitoring of the system started from 
construction stage until the defect liability period. 
Figure 8.7 shows the plan of instruments installed in Section A. The arrangement 
of instruments in Section B is the same as in Section A with minor difference in certain 
dimensions. The sectional view of the instrumentation program for both Section A and 
Section B is shown in Figure 8.8. The installation of sensors has been adjusted 
according to the actual constructed locations of the piles. In each instrumented section, 
eight numbers of total soil pressure cells (SPCs) were installed at two different sub-
layers, i.e. right above pile caps level and directly on top of the upper geotextile layer, 
to measure the total soil stress in the embankment fill at those locations. At every sub-
layer, one SPC was placed directly above the pile cap and the other three were placed 
in-between the pile caps (Figure 8.9). Two arrays of strain gauges (SGs) were attached 
onto the lower geotextile sheet followed the method proposed by Chew et al. (2000), in 
order to measure the geotextile strain and tension induced throughout the construction 
and monitoring periods. One array is located in-between the pile caps region, while the 
other array is located across the pile caps. Wide-width tensile test has been conducted 
to calibrate the strain gauge in order to obtain a reliable strain response from the strain 
gauge and to make correction for the stiffening effect induce by the strain gauging 
technique. The calibration curve for woven geotextile used along MD direction is 
shown in Figure 8.10. Figure 8.11 shows the installation of instrumented geotextile at 
site. Deep settlement plates were installed to measure the settlement of the geotextile 
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reinforcement platform (Figure 8.12). In addition, two piezometers (PZs) were 
installed in each instrumented section, i.e. one at 4m below the top level of pile cap 
and one at the centre of two geotextile sheets respectively, in order to measure the pore 
water pressure of the ground at these two particular levels.  
 
8.6  Results and Discussions 
 
At the time of preparation of this thesis, the construction of this geotextile 
reinforced piled embankment has reached the road base layer only, and the premix 
layers have not been laid yet. The results of Section A and Section B will be discussed 
in this section in four aspects: (1) soil stresses in embankment fill, (2) geotextile strain, 
(3) settlement of reinforcement platform, and (4) pore water pressure. 
 
8.6.1  Soil Stresses in Embankment Fill 
 
The development of soil stresses in embankment fill for Section A and Section B 
will be discussed in follows. 
 
(a)  Soil Stresses in Section A 
 
Figure 8.13 shows the soil stresses measured by SPC1 to SPC4 located right above 
pile cap level in Section A with different relative distance from the pile position in plan 
view. These SPCs were located 0.4m beneath the lower geotextile in vertical section. 
SPC3 that was positioned right at the pile cap position showed much higher vertical 
stress than the static overburden pressure. SPC2 that was positioned at the centre of 4 
pile caps recorded the lowest vertical soil stress compared to the other three SPCs. In 
addition, the recorded vertical soil stresses at SPC2 were always lower than the static 
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overburden pressure due to the settlement of subsoil. The above observation validated 
the presence of soil arching effect in the embankment fill. The development of soil 
arching effect was due to the differential settlement between the soil mass located 
directed above pile cap and the soil mass located in-between pile caps. This differential 
settlement took place when the geotextile reinforcement deformed as the subsoil 
settled during the construction of embankment.  
SPC4 and SPC1 were located in-between two pile caps along the machine direction 
(MD) and cross-machine direction (CD) of the lower geotextile sheet, respectively. It 
can be noticed that the vertical soil stresses measured by SPC4 and SPC1 were 
between the soil stresses readings of SPC3 (i.e. directly above pile cap) and SPC2 (i.e. 
centre of 4 pile caps). However, SPC4’s readings were slightly higher than SPC1’s 
readings. This is because the stiffness modulus of geotextile spanning across SPC4 is 
MD, which is 1.55 times higher than that spanning across SPC1 (i.e. CD). Therefore, 
the smaller vertical deformation will be developed across SPC4. This will result in 
smaller relief of vertical soil stress at SPC4 as compared to SPC1.  
The similar trend was observed from the four SPCs that were placed right above 
the upper geotextile sheet, as shown in Figure 8.14. However, it can be seen that the 
degree of soil arching is lesser at this level. This resulted in the smaller difference 
between the recorded soil stresses readings among SPC5 to SPC8. In addition, it can 
be noticed that among those 4 SPCs, only SPC6 that was positioned at the centre of 4 
pile caps recorded vertical soil stress that was slightly lower than the static overburden 
pressure. This shows that the upper geotextile only had deformed a little bit at the 
centre of the 4 pile caps due to yielding of subsoil. On the other hand, other portions of 
upper geotextile did not experience significant deformation.   
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(b)  Soil Stresses in Section B 
 
Figure 8.15 shows the soil stresses measured by SPC9 to SPC12 that were located 
right above pile cap level in Section B. They are generally similar to that in Section A. 
It can be noticed that the soil stresses measured by both SPC9 and SPC10 were lower 
than the overburden pressure since the beginning of construction. Similar to that in 
Section A, SPC10 that located at the centre of 4 pile caps recorded the lowest vertical 
soil pressure compared to the other three SPCs. Similar to Section A, the readings of 
SPC12 (i.e. positioned in-between two pile caps spanning across MD yarns) were 
always higher than that of SPC9 (i.e. positioned in-between two pile caps spanning 
across CD yarns).  
It can be seen that SPC11, which was located directly above pile, experienced 
significant increase in soil stress after the construction of 2.05m embankment. This 
shows that the soil arching started to develop when the subsoil settled due to the 
induced embankment loading during construction. However, after 149 days, the SPC11 
reading started to drop until slightly lower than the overburden pressure. This is 
probably caused by the yielding of the pile. SPC12 recorded increase in vertical soil 
stress due to construction of 2.05m height embankment, but after that, the soil stress 
dropped due to the settlement of soil.  
Comparing to Section A, the piles in Section 2 are shorter and expected to settle 
more in order to mobilize the skin friction. The pile below the SPC11 may have 
yielded due to the significant increase in vertical soil stress caused by soil arching 
effect. As a consequence, the soil mass located directly above this pile would 
experience some yielding. This might have disturbed the development of soil arching 
effect and resulted in the decrease of soil stress exerting on this pile.  
Figure 8.16 shows the soil stresses measured at various locations right above upper 
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geotextile sheet in Section B. The results show that both SPC13 and SPC14 
experienced vertical soil stresses that were lower than the static overburden pressure. 
This shows that the upper geotextile at these two locations had deformed due to the 
yielding of the soil beneath, and probably the arching is not well developed at these 
positions. 
 
8.6.2  Geotextile Strain 
 
Figure 8.17 shows the recorded strains in lower geotextile sheet measured at 
various positions in-between pile caps in Section A during the building up of the 
embankment. The results show that the strain distribution of each span between 2 pile 
caps is like a V-shape. The strain at the centre of the span is the lowest, and getting 
larger when closer to the pile cap on both sides. These results are consistent with the 
strain gauges results obtained in the large-scale physical model tests that was reported 
earlier. 
The similar strain distribution profile can be observed from the strains measured by 
the other array of strain gauges that were placed across the centre line of pile caps 
(Figure 8.18). For this array, the V-shape feature can still be observed, although is less 
consistent. For the two arrays of stain gauges, the maximum strain of about 0.6-0.7% 
took place at the edge of pile caps after the construction of 2.05m embankment above 
the lower geotextile sheet. This shows the range of strain developed, which was well 
within the working range of most geotextile in GRPE system. 
 Figure 8.19 shows the recorded strains in lower geotextile sheet measured at 
various positions in-between pile caps in Section B during the building up of 
embankment. It can be noticed that the strain distribution of each span between 2 pile 
caps is like an inverted V-shape and differed from that in Section A. This is probably 
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due to the deformation of geotextile spans running at the perpendicular directions. 
Figure 8.20 shows the recorded strains in lower geotextile measured at various 
positions across pile caps in Section B. The strain distribution of each span is similar to 
that in Section A. For the two arrays of stain gauges in Section B, the maximum strain 
of about 0.55-0.75% was recorded at every span after the construction of 2.05m 
embankment above the lower geotextile sheet. The range of maximum strain values 
was similar to that in Section A.  
 
8.6.3  Settlement of Reinforcement Sheets 
 
Figure 8.21 and Figure 8.22 show the settlements of the geotextile reinforcement 
sheets measured by deep settlement plates in Section A and Section B respectively, 
after 7.5 months of the construction of embankment up to road base level (i.e. 2.05m 
above lower geotextile sheet). It can be noticed that the geotextile reinforcement sheets 
only experienced a small settlement of less than 20mm, and 35mm in Sections A and B 
respectively. The average settlements of the geotextile reinforcement in Sections A and 
B are 12.1mm and 22.0mm respectively. The results were consistent with the design 
that Section B will experience larger surface settlement than Section A in order to form 
a gradual transition. This shows the success of GRPE system in reducing the 
settlement of the embankment that was constructed over compressible ground as well 
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8.6.4  Pore Water Pressure 
 
Figure 8.24 and Figure 8.25 show the pore water pressures measured at two 
different depths in Section A and Section B respectively. The locations of the two 
piezometers were at 4m below the pile cap level (i.e. PZ1 and PZ2) and at the centre of 
two geotextile sheets (i.e. PZ3 and PZ4). The daily rainfall readings near this field test 
area (obtained from the Meteorological Service Division, National Environmental 
Agency of Singapore) are plotted in these two figures for indication. Figure 8.26 shows 
the locations of the current daily rainfall collection station and the instrumentation 
sections. 
During the construction, PZ1 in Section A (refer to Figure 8.24) recorded increase 
in pore pressure due to embankment loading. After that, there were four circles of 
fluctuations in pore pressure measurement due to the fluctuations of ground water 
table. It can be noticed that there were two minor fluctuations of ground water table at 
the beginning and then followed by two large fluctuations due to low rainfall in dry 
seasons (i.e. January-February of 2005 and end of May – mid of July of 2005). Some 
tension cracks were observed at a slope near the instrumentation areas due to dry and 
hot weather in February, 2005 (Figure 8.27). PZ2 in Section B (refer to Figure 8.25) 
also recorded the similar pore pressure profile but with smaller magnitude. The 
difference in the pore pressure magnitude shows that the ground water table may be 
slightly higher in Section A compared to that in Section B.  
At the beginning of the construction, PZ3 that was located at the centre of two 
geotextile sheets measured some negative pore pressure (Figure 8.24). This is because 
the two sheets of perpendicularly cross-laid geotextile would stretch in two 
perpendicular directions due to embankment loading. Therefore, this caused the 
shearing of soil fill that was sandwiched and confined by two geotextile sheets. 
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Consequently, negative pore pressure developed in this separation sand layer. When 
the fill height increased during construction, the excess pore pressure built up due to 
embankment loading. Thus, this phenomenon leads to the increase in pore pressure. 
After that, there were four circles of fluctuations in pore pressure measurement within 
335 days due to the fluctuations of ground water table. The trend was consistent with 
that measured by PZ1 but with much smaller magnitude due to the difference in depth. 
PZ4 in Section B (refer to Figure 8.25) also recorded the similar pore pressure profile 
as PZ3. This shows the consistency in pore pressure measurement. 
 
8.7 Concluding Remarks 
 
The proposed site for a two kilometres stretch (C426 section) of a new expressway 
– Kallang / Paya Lebar Expressway (KPE) is situated in an old dumping ground for 
several decades, which consists of thick deposit of soft material, loose dumping 
material and occasionally peat. As a result, the expressway constructed over this kind 
of ground condition is expected to experience significant ground settlement in both 
short term and long term. In addition, at Chainage 11220 to 11250 of this C426 
section, the expressway has to be constructed across a numbers of existing buried 
sewer pipes. Reinforced concrete (RC) slab supported by bored piles at two edges will 
be constructed to protect the sewer pipes. An intersection will be built on the right side 
of this RC slab. In the design of the intersection of this expressway, geosynthetic 
reinforced piled embankment (GRPE) system has been proposed as a ground 
improvement method to minimize the differential settlement between the road section 
and the reinforced concrete slab. 
In this GRPE system, two layers of woven geotextile were perpendicularly cross-
laid and separated by a thin layer of sand fill to provide reinforcements in two 
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perpendicular directions. These geotextile reinforcements, which were placed within a 
sand blanket, were used to form a reinforced platform to effectively transfer the 
vertical load. The average ultimate tensile strength of this geotextile in machine 
direction and cross machine direction is 150kN/m (at 21% strain) and 134kN/m (at 
29% strain) respectively. The reinforced embankment was supported by 
225mm×225mm square RC piles with 2.5m spacing. The 1m×1m individual square 
RC pile caps were cast on each pile. The pile caps only occupied 16% of the total area. 
Extensive instrumentation was planned and successfully installed at two sections to 
monitor the both short term and long term performance of the first GRPE system for a 
major expressway in Singapore. The two instrumentation sections, i.e. Section A and 
Section B, were located approximately 13.5m and 26m away from the right edge of 
RC slab respectively. Till now (1 year after the embankment construction), the 
instruments have been performing very well and yielded reliable data for the 
evaluation of the performance of this GRPE system.  
The results of soil stresses at various locations clearly show the presence of soil 
arching effect in the embankment fill. This has reduced the vertical soil stress acting on 
geotextile reinforcement. Therefore, those SPCs located at the pile cap level and 
positioned in-between pile caps showed vertical soil stresses lower than the static 
overburden pressure. This indicates most of the remaining loads have transferred to the 
piles via soil arching effect. Furthermore, part of it may be carried by the inclined 
tension force developed in the geotextile sheets. The third component is the soft soil 
beneath the geotextile sheets, which may carry a small portion of this remaining load. 
The readings of strain gauges attached on lower geotextile show that the strain 
distribution of each span between 2 pile caps is like a V-shape. The strain at the centre 
of the span is the lowest, and getting larger when closer to the pile cap on both sides. 
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These results are consistent with the strain gauges results that were observed in the 
large-scale model tests reported earlier. The maximum geotextile strain in both Section 
A and Section B were within the range of 0.5-0.8%. This shows the range of strain 
developed and the suitability of geotextile used. 
The results of pore pressure measurement show that the piezometer located at the 
centre of two geotextile sheets measured some negative pore pressure at the beginning 
of the construction. This was due to the shearing of soil mass when two sheets of 
perpendicularly cross-laid geotextile stretched in two perpendicular directions. The 
pore pressure results also show the excess pore pressure built up due to embankment 
building up. In addition, there were four circles of fluctuations in pore pressure 
measurement within 335 days due to the fluctuations of ground water table arising 
from weather change. In addition, the results of geotextile reinforcement sheet 
settlements measured via deep settlement plates show that the use of GRPE system has 
reduced the settlement to a satisfactory level. This helps in minimizing the differential 
settlement between the road section and the reinforced concrete slab. In addition, the 
varying in pile length, with respect to the distance from the edge of RC slab, enables 
the formation of gradual transition from the RC slab to the road section further away. 
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Figure 8.3. Cross sectional view of GRPE system 
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Figure 8.6. Casting of RC pile caps 
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Figure 8.14. Soil stresses measured at various locations right above upper geotextile 
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Figure 8.16. Soil stresses measured at various locations right above upper geotextile 
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Figure 8.17. Strains in lower geotextile measured at various locations in-between pile 





Figure 8.18. Strains in lower geotextile measured at various locations across pile caps 
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Figure 8.19. Strains in lower geotextile measured at various locations in-between pile 





Figure 8.20. Strains in lower geotextile measured at various locations across pile caps 
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Figure 8.26. Locations of current daily rainfall collection station and instrumentation 





Figure 8.27. Tension cracks were observed at a slope near the instrumentation areas 














9.1     Introduction 
 
The objective of this research is to focus on the clarification of the key mechanisms 
and the development of suitable design methodology, in designing a cost-effective 
geosynthetic reinforced piled embankment (GRPE) system. This research encompasses 
two main goals.  
Firstly, this research aims to study some possible mechanisms of GRPE system. 
This will lead to the formulation of the design philosophy and design consideration. 
One of the critical considerations and parameters needed in the design of GRPE system 
is the amount of vertical stress carried by the geosynthetic reinforcement sheet with the 
formation of soil arching in the embankment fill. In this aspect, this research aims to 
study the development of soil arching effect in GRPE system, so that the vertical stress 
exerted on the geosynthetic reinforcement sheet that spans between pile caps can be 
estimated correctly. In addition, the relative importance of the second mechanism, the 
tensioned-membrane effect of geosynthetic reinforcement, will be evaluated. 
Furthermore, the effect of the surface settlement of embankment and the fill height of 
embankment will also be evaluated. To achieve this goal, large-scale physical model 
tests and centrifuge model tests were carried out.  
The second goal of this research is to translate the findings from large-scale and 
centrifuge model tests to useful design charts for engineers to select the appropriate 
geosynthetic based on the design parameters, to meet the serviceability limit state 
design of GRPE. To achieve this goal, semi-analytical solution was first developed by 
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incorporating the load transfer mechanisms of GRPE system into the equilibrium 
equation, in order to estimate the vertical soil stresses within the “arched region” as 
well as the vertical stress exerted on the geosynthetic reinforcement. Next, a 
mathematical model that coupled the catenary deformation profile and load-extension 
characteristics of the geosynthetic was developed. Making use of the calculated value 
of vertical stress exerted on the geosynthetic reinforcement, this model enables the 
estimation of the strains and maximum tensile force in geosynthetic sheets as well as 
the corresponding maximum vertical displacement of geosynthetic.  
Besides, a full-scale field test was carried out in conjunction with the construction 
of a major expressway in Singapore. This enables the study of the actual field 
behaviour of GRPE system, as well as the validation and confirmation of the design 
concept of GRPE system. 
 
9.2    Concluding Remarks of Mechanisms of GRPE 
 
Some of the key components related to the mechanisms of GRPE system have been 
investigated from the large-scale physical model tests and centrifuge model tests.  
 
 
(a)  Strain Development in Geosynthetic Reinforcement 
 
The strain results show that there is a demarcation of “critical strain zone” and 
“non-critical strain zone”, associated with the deformation of the geosynthetic 
reinforcement sheet. The “critical strain zone” is the portion that spans two adjacent 
pile caps, with a width of approximately the diameter of pile cap, along the main 
reinforcement direction (i.e. machine direction, MD, of geosynthetic). The 
reinforcement yarns in these “critical strain zone (CSZ)” are named as primary yarns. 
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On the other hand, the “non-critical strain zone (NSZ)” is the area that is bounded by 
“critical strain zones”. The reinforcement yarns in the “non-critical strain zone” are 
called secondary yarns. When two layers of mono-directional geosynthetic 
reinforcements are perpendicularly cross-laid, the primary yarns in both longitudinal 
and transverse directions form a rectangular grid to restrain the deformation of 
geosynthetic sheets. Practically, those primary yarns will experience more strain than 
those secondary yarns. The strain distribution along the “critical strain zone” is like a 
U-shape with the critical strain region at the two ends of reinforcement, which are the 
edges of the pile caps. Therefore, the tensile force experienced by geosynthetic is 
expected to be maximal at the edge of the pile cap. 
 
(b)  Vertical Displacement of Geosynthetic Reinforcement 
 
It was observed that the two-dimensional deformation profile of the geosynthetic 
sheet is closer to a catenary profile than circular arc. When the piles are installed in 
triangular grid with different pile spacing in two perpendicular directions, and the 
geosynthetic sheets are perpendicularly cross-laid, the smaller spacing of piles will 
cause the restraining to the larger span, thus resulting in reducing the vertical 
displacement of the larger span. 
When two layers of geosynthetics sheets were perpendicularly cross-laid, the tests 
results show that the overall maximum vertical displacement occurred at the centre of 
non-critical strain zone. Therefore, the overall maximum vertical displacement of 
cross-laid geosynthetics in piled embankment is governed by the orientation of 
geosynthetic’s main reinforcement direction with respect to the arrangement of piles, 
which will affect the formation of “non-critical strain zone”. This is because the 
change in the orientation of main reinforcement directions of cross-laid geosynthetics 
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will change the shape of the grid that will effectively restrained the vertical 
displacement of geosynthetics. Thus, this redefines the demarcation of “critical strain 
zone” and “non-critical strain zone”.  
 
 (c)  Surface Settlement and Settled Volume 
 
In the large-scale physical model tests, surface settlements with different degree of 
severity were detected on the top surface of the embankment. For a low embankment, 
the top surface settlement is similar in shape and value as the vertical displacement of 
geosynthetic sheet underneath. However, for a high embankment, the results show that 
the maximum surface settlement was lesser than the maximum vertical displacement of 
geosynthetic sheet. This is because the net top surface settlement was reduced by the 
volume increase due to soil expansion during the collapse of yielded soil mass that was 
initiated by the vertical displacement of the geosynthetic sheet. 
The results show that the net volume of settled portion of soil reduced significantly 
due to the increase of fill height. This is because the larger the fill height (H), the larger 
amount of soil volume that will undergo soil expansion during the collapse of yielded 
soil mass. Hence, the net surface settlement could be significantly reduced.  
The results of the Series 1 of centrifuge model tests show that the increase in fill 
height can reduce the surface settlement as well as change the shape of the surface 
settlement profile. In addition, the results show that for stability criteria, the 
embankment fill height (H) must be more than 1.2 times of cavity width (B). For 
serviceability criteria, the required embankment fill height (H) is governed by the 
allowable serviceability limit of surface settlement based on its application. 
The results of the large-scale physical model tests also show that using 
geosynthetic with higher stiffness can reduce the localized deformation in embankment 
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fill, limit the formation of sinkhole as well as minimize the surface settlement and 
tension cracks on the surface of embankment. 
Furthermore, the results show that when stiffer geosynthetic reinforcement is used, 
the volume of settled portion of soil can be reduced proportionally. This is because 
when stiffer geosynthetic reinforcement is used, the vertical displacement of 
geosynthetic reinforcement can be reduced accordingly. This will limit the propagation 
of “arched zone” in embankment fill.  
 
(d)  Effect of Additional Surface Static Load 
 
The results show that after the formation of soil subsidence, most of the additional 
loads applied on the top surface of the embankment have been transferred to the piles 
via soil arching effect as well as to the boundary steel frame via tensioned membrane 
effect. Therefore, the additional vertical displacement of geosynthetic was very 
minimal. This shows that the presence of soil arching effect in embankment fill and the 
inclusion of geosynthetic as basal reinforcement can enhance the load transfer ability 
of a piled embankment system. 
 
(e)  Stress Distribution   
 
 The variation of vertical stresses along the vertical axis above the center of 4 piles 
shows that there is a reduction of vertical stress within the “arched zone”. This vertical 
stress profile is consistent with the profile reported in Terzaghi (1936).  
 The vertical soil stress exerting right on the pile caps increased significantly due to 
the presence of soil arching. However, the increase in vertical soil stress only 
concentrates within certain height above the top level of pile cap.  
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(f)  Development of Soil Arching in Embankment Fill  
 
When GRPE is founded on low compressibility ground (i.e. stronger soil), the 
deformation of geosynthetic reinforcement during the construction stage will be 
restricted by the subsoil. As a result, there is no significant differential settlement 
occurred in embankment fill. Consequently, soil arching effect cannot develop during 
this construction stage. The vertical displacement of geosynthetic and geosynthetic 
strain were very minimal in this stage because of the low compressibility subsoil in 
this case. During the removal of subsoil, a large differential settlement developed 
between the soil columns located directly above the pile caps and the soil located 
above this deformed geosynthetic. This initiated the formation of partial soil arching in 
the embankment fill. When removal process continues, the “arched zone” will 
propagate due to the expansion of yielded soil mass. As the propagation of “arched 
zone” continues to move upwards, the vertical soil stress profile of soil pressure in the 
“infilling zone” and “arched zone” reduced significantly. In addition, the geosynthetic 
reinforcement experienced large vertical displacement and large strain. This indicates 
that the critical state of GRPE system with respect to geosynthetic design is after the 
occurrence of soil subsidence. In this case, the use of geosynthetic reinforcement is to 
retain the collapsed infilling soil after the removal of subsoil in order to ensure the 
stability of the system.  
On the other hand, when GRPE is founded on high compressibility ground (e.g. 
soft soil), the geosynthetic reinforcement is able to deform during the construction 
stage. As a result, significant differential settlement occurs between the soil mass 
located directly above the pile caps and the soil mass in-between the pile caps. Thus, 
soil arching effect can develop during this construction stage. Subsequent sudden 
settlement of soft foundation soil or long term consolidation of subsoil will induce 
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more settlement. This will cause the “arched zone” in the embankment fill to expand 
and mobilize upward. The geosynthetic tension will increase accordingly due to further 
settlement and strain. Thus, the design of geosynthetic reinforcement has to take both 
filling stage and subsequent settlement stage into account. In this condition, the use of 
geosynthetic reinforcement has two purposes: (1) to retain the yielded soil and limit the 
settlement of embankment during the construction stage, in order to ensure that the 
stability of the system can be maintain until there is sufficient fill height to develop 
“soil arches”, and (2) to retain the collapsed infilling soil due to soil subsidence in 
order to ensure the stability of the system as well as to limit the surface settlement of 
the embankment. 
 
(g)  Effect of Pile Design 
  
In Series 2 of centrifuge model tests, the results show that the use of geotextile 
coupled with sufficient fill height can result in a more uniform surface settlement with 
less localized undulation. In addition, the results also indicate that a proper design of 
pile tip embedding condition will govern the vertical movement of pile in high 
compressibility ground. Thus, a gradual transition in terms of settlement, from almost 
zero settlement at the rigid structure section to a sizable settlement at the reinforced 
embankment founded on highly compressible ground, can be achieved. In addition, the 
results show that high axial forces can only develop in the piles with good end-bearing 
condition. The soil stresses results show that higher degree of soil arching effect can 
develop in the case with smaller vertical movement of piles, as larger magnitude of 
differential settlement between the soil mass located directly above pile caps and the 
soil mass located in-between pile caps can develop. For friction piles case, the results 
indicate that there was no arching effect developed in the embankment fill as the whole 
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GRPE system settled uniformly. 
  
9.3     Concluding Remarks of Semi-Analytical Model 
 
The degree of arching with respect to vertical load transfer can be evaluated by two 
parameters: efficacy of pile and competency. The results show that before the removal 
of subsoil, the vertical load exerted on each pile was more than the weight of the 
cylindrical soil column directly above pile cap. This indicates that the portion of the 
soil column being carried by each pile is an inverted coned shaped column instead of 
cylindrical column. After the removal of subsoil, both efficacies of piles and 
competencies increased significantly. In addition, the vertical soil stresses measured at 
various locations and depths in the embankment fill clearly showed the presence of soil 
arching effect in the fill upon the removal of subsoil. Furthermore, the strain results 
also showed that the geosynthetic reinforcement experienced significant increase in 
strain after the removal of subsoil. This shows that geosynthetic reinforcement has 
enhanced the load transfer ability of the system via both soil arching effect and 
tensioned membrane effect. In addition, the results also show that the embankment fill 
height has significant effect on the performance of GRPE system. 
A semi-analytical model is proposed for the design of GRPE system. This model 
consists of two parts. The first part is the use of radial equilibrium equation to estimate 
the vertical soil stress acting on geosynthetic reinforcement at the subsoil level. The 
second part involves the coupling of catenary concept and tensioned membrane theory 
for the estimation of geosynthetic parameters: maximum deflection, geosynthetic strain 
and tension in geosynthetic.  
The two important parameters in the estimation of the vertical stress acting on 
geosynthetic reinforcement are: (1) pile spacing, and (2) height of “infilling zone”. It 
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was noted that pile spacing affects directly the height of dome (Hdome). The height of 
dome (Hdome) or outer radius of “arched zone” (Ro) is the summation of the thickness of 
“arched zone” (Tarched) and the height of “infilling zone” (Hinfilling). This Ro is taken as 
half of the maximum pile spacing (smax), as recommended in Chapter 6.9 of the 
German Recommendations for Geosynthetic Reinforcement Code EBGEO (draft) 
(Empfehlung 6.9, 2003). From the results of large-scale physical model tests, it was 
observed that the “infilling zone” in GRPE can be divided into two portions: (1) the 
portion above the top level of pile cap with a height of Habove, and (2) the portion below 
the top level of pile cap with a thickness of the maximum vertical displacement of 
geosynthetic reinforcement (fmax). The total height of “infilling zone” (Hinfilling) can be 
estimated by assuming that this zone is bounded by Rankine’s active failure plane with 
inclined angle 45°-φ’/2, where φ’ is the effective internal friction angle. Comparing 
with the measured values from large-scale model tests, the result shows that φ’ ranges 
30°-32° can be used to estimate the value of Hinfilling reasonably well. It was found that 
in triangular pile grid with different pile spacing in two perpendicular directions, the 
smaller pile spacing governs the formation of “infilling zone” in GRPE system.  
Radial equilibrium of the soil stress in the “arched zone” was derived to estimate 
the vertical soil stress at any points below the crown of arch and the vertical stress 
acting on the geosynthetic reinforcement. The estimated Hdome and Hinfilling from the 
earlier stages serve as part of the boundary conditions in estimating the vertical stress 
acting on geosynthetic reinforcement at subsoil level. In addition, the additional 
surcharge factor (kq) is introduced to cater for the additional vertical stress induced by 
the additional surcharge, which is added on top of the embankment after the formation 
of this cavity. The estimations using this semi-analytical model show reasonable 
agreement with the measured vertical soil stresses from large-scale model tests.  
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A semi-analytical solution was developed to estimate the geosynthetic parameters 
for two cases: (1) one geosynthetic sheet running in single direction, and (2) two 
geosynthetic sheets running in two perpendicular directions. In the latter case, i.e. 
using two perpendicularly cross-laid geosynthetic sheets in unequal pile spacing in 2 
directions, the net vertical displacement of geosynthetic is computed by taking into 
account the contribution of the reinforcement of one span in reducing the vertical 
displacement of the other span. The comparison shows that the vertical displacement 
of geosynthetic reinforcement at the centre of 4 piles can be estimated reasonably well 
using this semi-analytical model. In the estimation of geosynthetic tension, a correction 
factor for effective geosynthetic strip width (kT) is introduced to estimate the tensile 
force carried by the geosynthetic strip with a effective width of “critical strain zone” 
(Tstrip). The measured Tstrip values from large-scale physical model tests were closed to 
the predicted values using kT=2.5 to kT=3.5. For a conservative design, kT=2.5 is 
recommended to be used in computing the tension in geosynthetic reinforcement. 
 
9.4    Concluding Remarks of Full-Scale Field Test 
 
A full-scale field test on GRPE was carried out in conjunction with the 
development of a new major expressway in Singapore – Kallang / Paya Lebar 
Expressway (KPE). The proposed site for a two kilometres stretch of this expressway 
(C426) is situated in an old dumping ground for several decades, which consists of 
thick deposit of soft material, loose dumping material and occasionally peat. As a 
result, the expressway constructed over this kind of ground condition is expected to 
experience significant ground settlement in both short term and long term. In addition, 
at Chainage 11220 to 11250 of this C426 section, the expressway has to be constructed 
across a numbers of existing buried sewer pipes. Reinforced concrete (RC) slab 
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supported by bored piles at two edges will be constructed to protect the sewer pipes. 
An intersection will be built on the right side of this RC slab. In the design of the 
intersection of this expressway, geosynthetic reinforced piled embankment (GRPE) 
system has been proposed as a ground improvement method to minimize the 
differential settlement between the road section and the reinforced concrete slab.  
In this GRPE system, two layers of woven geotextile were perpendicularly cross-
laid and separated by a thin layer of sand fill to provide reinforcements in two 
perpendicular directions. These geotextile reinforcements, which were placed within a 
sand blanket, were used to form a reinforced platform to effectively transfer the 
vertical load. The average ultimate tensile strength of this geotextile in machine 
direction and cross machine direction is 150kN/m (at 21% strain) and 134kN/m (at 
29% strain) respectively. The reinforced embankment was supported by 
225mm×225mm square RC piles with 2.5m spacing. The 1m×1m individual square 
RC pile caps were cast on each pile. The pile caps only occupied 16% of the total area. 
Extensive instrumentation was planned and successfully installed at two sections to 
monitor both short term and long term performance of the first GRPE system for a 
major expressway in Singapore. The two instrumentation sections, i.e. Section A and 
Section B, were located approximately 13.5m and 26m away from the right edge of the 
RC slab respectively. Till now (1 year after the embankment construction), the 
instruments have been performing very well and yielded reliable data for the 
evaluation of the performance of this GRPE system.  
The results of soil stresses at various locations clearly show the presence of soil 
arching effect in the embankment fill. This has reduced the vertical soil stress acting on 
geotextile reinforcement. As a result, those SPCs located at the pile cap level and 
positioned in-between pile caps showed vertical soil stresses lower than the static 
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overburden pressure. This indicates most of the remaining loads have transferred to the 
piles via soil arching effect. Furthermore, part of it may be carried by the inclined 
tension force developed in the geotextile. The third component is the soft soil beneath 
the geotextile, which may carry a small portion of this remaining load. 
The readings of strain gauges attached on lower geotextile show that the strain 
distribution of each span between 2 pile caps is like a V-shape. The strain at the centre 
of the span is the lowest, and getting larger when closer to the pile cap on both sides. 
These results are consistent with the strain gauges results that were observed in the 
large-scale physical model tests reported earlier. The maximum geotextile strain in 
both Section A and Section B were within the range of 0.5-0.8%. This shows the range 
of strain developed and the suitability of geotextile used. 
The results of pore pressure measurement show that the piezometer located at the 
centre of two geotextile sheets measured some negative pore pressure at the beginning 
of the construction. This was due to the shearing of soil mass when two sheets of 
perpendicularly cross-laid geotextile stretched in two perpendicular directions. The 
pore pressure results also show the excess pore pressure built up due to embankment 
building up. In addition, there were four circles of fluctuations in pore pressure 
measurement within 335 days due to the fluctuations of ground water table, which was 
found to be coincided well with weather change.  
The results of geotextile reinforcement sheet settlements measured via deep 
settlement plates show that the use of GRPE system has reduced the settlement to a 
satisfactory level. This helps in minimizing the differential settlement between the road 
section and the reinforced concrete slab. In addition, the varying in pile length, with 
respect to the distance from the edge of RC slab, enables the formation of gradual 
transition from the RC slab to the road section further away. 
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9.5    Practical Design of GRPE 
 
Based on Swedish Road Board’s design chart, the piled embankment in the large-
scale physical model tests will be unstable even the height of embankment reaches 
1.7m. In Test 4 (without geosynthetic reinforcement), the results clearly show that the 
embankment fill completely collapsed during the removal of subsoil when no 
geosynthetic was placed as basal reinforcement. The comparison between Test 2 (with 
geosynthetic reinforcement) and Test 4 shows that the stability of piled embankment 
with large piles spacing or/and small pile caps can be improved with the use of 
geosynthetic reinforcement. This is because when soil subsidence occurs, the 
geosynthetic that acts as a tensioned membrane can deform to allow the development 
of partial soil arching effect in the embankment fill. In addition, the geosynthetic 
reinforcement can retain the collapsed infilling soil below the “arched zone” on the 
lower part of the embankment. This allows the propagated “arched zone”, which is due 
to the expansion of yielded soil mass, to be sustainable. Without geosynthetic 
reinforcement, the infilling soil and the “arched zone” will collapse when soil 
subsidence occurs. This will subsequently lead to the failure of embankment as stable 
arches may not be able to be established in piled embankment system without 
geosynthetic, with large clear spacing between piles (s’) and low embankment height 
(H).  
For GRPE system with low embankment, the “arched zone” will propagate until 
the surface of the embankment. Therefore, the stiffness of the geosynthetic that 
governs the deformation of geosynthetic reinforcement will have direct effect on the 
propagation of “arched zone” and the severity of surface settlement of embankment.   
The results indicate that the 100mm-thick separation sand layer between 2 
geosynthetic layers will induce slightly more vertical displacement to the lower 
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geosynthetic sheet than without separation. However, the additional vertical 
displacement induced by this separation sand layer would not affect the formation of 
soil arching above the upper layer of geosynthetic. As a result, there is no significant 
difference in performance as compared to stacking two layers of geosynthetic sheets 
together without separation. Therefore, this technique can be applied at the actual 
construction site for the practical reason. 
The use of residual soil as embankment fill to replace sandy soil will not result in 
any significant changes to the performance of the GRPE system. However, the use of 
residual soil fill will have the danger of undrained failure due to its low permeability. 
Therefore, a good drainage system in the embankment fill must be provided. 
Two charts were developed to be used in the design a GRPE system for both 
square pile grid and triangular pile grid. The first chart was developed for estimating of 
vertical soil stress acting on geosynthetic (σs) at subsoil top level. The value of σs can 
be estimated based on the unit weight of embankment fill (γ) and the calculated height 
of infilling zone (Hinfilling) using Rankine’s active failure inclined angle. The second 
chart was developed to estimate the tensile force in geosynthetic strips (Tg-x and Tg-y) 
with a width equals to pile spacing, and the corresponding maximum vertical 
displacement at the mid-span (fmax) based on the selected stiffness modulus of 
geosynthetic (J), and the given pile spacing (s) and pile cap diameter (a). The 
predictions of the vertical soil stress acting on geosynthetic and the vertical 
displacement of geosynthetic for a case of large-scale model tests using these 
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9.6    Recommendations for Future Works 
 
The key mechanisms of GRPE system have been identified from the large-scale 
physical model tests and centrifuge model tests, and these mechanisms have been 
incorporated into the development of the design charts that can be used to design a 
GRPE system. However, there are certain situations where other parameters, which 
were not included, may also affect the design of GRPE system. In addition, it is time 
consuming and costly to conduct sensitivity study of some of these parameters using 
large-scale physical and centrifuge modelling. Hence, numerical modelling may be 
used in this case.  
The soil arching effect in GRPE is a truly 3-D geotechnical problem, neither plane 
strain nor axisymmetric. Some researchers (Han and Gabr, 2002 and Vega-Meyer and 
Shao, 2005) attempted to model this problem as an axisymmetric case using 2D finite 
difference methods (FDM) program. Kempton et al. (1998) stressed that in 
axisymmetric analysis of a 2D numerical modelling, an umbrella shaped arch resting 
on a single central pile cap will be produced. This soil arching mechanism is 
significantly different from that in the reality. Therefore, a 3-D modelling is needed in 
order to carry out the parametric study on GRPE system. However, most of the 
available FEM or FDM programs are with small strain formulation, and thus unable to 
model large strain problem that involves collapse of soil particles. Therefore, the 
deflection of geosynthetic reinforcement corresponding to the collapse of yielded soil 
in piled embankment cannot be modeled correctly. In order to model the collapse of 
soil particles beyond the plastic limit in 3D geotechnical problem, a truly 3D FEM or 
FDM program with large strain formulation is needed.  
Alternatively, a 3D numerical program coupling finite element method (FEM) and 
discrete element method (DEM) can be used to solve this large strain problem that 
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involves collapse of yielded soil (Villard and Giraud, 1998 and Villard and Le Hello, 
2004). With this kind of program, the soil particles can be modeled as independent 
discrete elements that can be integrated as a finite element. The fibrous nature of the 
geosynthetic sheet and its interaction with the soil can be described using a continuous 
model. As a result, the produced numerical model is able to describe the mechanisms 
of collapse and rupture of soil particles, as well as to calculate the deflection of 
geosynthetic reinforcement corresponding to the collapsed soil mass in piled 
embankment. This 3D numerical model may be developed for this parametric study. 
In addition, more large-scale physical model tests and numerical studies can be 
carried out to look into the changes of principle soil stresses within the “arched region” 
in GRPE due to the expansion of soil volume. This will help in a better understanding 
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Appendix A: Cost Comparison between GRPE System 
and Conventional Piled Embankment 
System  
       
 
Total area = 100m x 100m  =  10000 m2   
      
DESIGN PARAMETERS    
      





Fill height, H  m   2 2 2
Pile cap width, a m   0.6 0.75 1.5
Pile cap area, Apc m2   0.36 0.5625 2.25
Pile spacing, s m   2.5 1.46 2.46
No. of piles     1681 4761 1681
Pile length, L  m   20 20 20
Geosynthetic m2   20000 - -
No. of working pile 
load test      34 48 17
No. of PDA test      96 96 34
No. of geosynthetic 
samples for testing     30 - -
     
COST      
     





Fill  m3 40 800,000 800,000 800,000
Pile cap * m3 341 165,088 730,575 1,031,798
Piles   500 840,500 2,380,500 840,500
Geosynthetic m2 7 140,000 0 0
Working pile load test    1800 30,600 86,400 30,600
PDA test    800 27,200 76,800 27,200
Geosynthetic testing   100 3,000 0 0
TOTAL     2,052,988 4,074,275 2,779,698
Cost Saving     - 50.8% 26.6%
      
* Assumed: pile cap depth = 0.8m, fcu=35N/mm2, steel rebar content = 80kg/m3,  
                    50mm lean concrete 




Appendix B: Sandy Soil Characterization 
 
 
In this section, the detailed results of the classification and properties tests of the sandy 
soil are presented. Included here are: 
(1) Particle size distribution 
(2) Maximum dry density  
(3) Minimum dry density 
(4) Internal angle of friction and cohesion 
 
(1) Determination of Particle Size Distribution using Dry Sieving Method 
  
Test method: BS 1377 : Part2 : 1990 : 9.3 
  
Total mass of dry sample = 486.2 g 
 
 
Table B1. Particle size distribution of sandy soil sample 
 
Sieve Mass Retained (g) % Retained % Passing 
10 mm 0.00 0.00 100.00 
6.3 mm 13.3 2.74 97.26 
5 mm 11.6 2.39 94.88 
3.35 mm 47.2 9.71 85.17 
2 mm 81.6 16.78 68.39 
1.18 mm 80.2 16.50 51.89 
600 μm 92.1 18.94 32.95 
425 μm 43.7 8.99 23.96 
300 μm 39.4 8.10 15.86 
212 μm 37.3 7.67 8.19 
150 μm 19.3 3.97 4.22 
63 μm 16.8 3.46 0.76 
Pan 2.6 0.53  






























Figure B1. Particle size distribution curve of sandy soil sample 
 
 
D10 = 0.23 mm 
D30 = 0.52 mm 
D60 = 1.60 mm 
    
Uniformity coefficient, Cu = D60/D10   
  = 6.96   
Curvature coefficient, Cz = D302/(D60×D10)   
  = 0.73   
 
 




Test method: ASTM D698 Method B 
 Average diameter of mould = 99.73 mm 
 Average height of mould = 127.23 mm 
 Volume of compaction mold = 0.000994 m3 







Table B2a. Maximum dry density of sandy soil for Test 1 to 4 (Part 1) 
 
Test No. 1 2 3 4 
Selected water content (%) 2 5 8 10 
Mass of compaction mold and moist 
specimen (kg) 
8.4135 8.4480 8.4837 8.5367 
Mass of moist specimen (kg) 1.9170 1.9515 1.9872 2.0402 
Average water content (%) 2.17 5.52 8.10 10.10 
Moist density of compacted specimen, 
ρb (kg/m3) 
1928.64 1963.35 1999.26 2052.59
Dry density of compacted specimen, ρd 
(kg/m3) 
1887.65 1860.60 1849.38 1864.30
Dry unit weight of compacted specimen, 
γd (kN/m3) 
18.52 18.25 18.14 18.29 
 
 
Table B2b. Maximum dry density of sandy soil for Test 1 to 4 (Part 2) 
 
Test No. 5 6 7 8 
Selected water content (%) 12 14 16 18 
Mass of compaction mold and moist 
specimen (kg) 
8.5852 8.6811 8.6673 8.6641 
Mass of moist specimen (kg) 2.0887 2.1846 2.1708 2.1676 
Average water content (%) 10.93 11.44 12.20 12.14 
Moist density of compacted specimen, ρb 
(kg/m3) 
2101.38 2197.86 2183.98 2180.76
Dry density of compacted specimen, ρd 
(kg/m3) 
1894.34 1972.16 1946.53 1944.71
Dry unit weight of compacted specimen, 
γd (kN/m3) 
18.58 19.35 19.10 19.08 
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Figure B2. Compaction curve for sandy soil 
 
 
(3) Determination of Minimum Dry Density for Sandy Soil 
  
Test method: ASTM D4254 Method C 
  
Mass of cylinder    = 453.9 g 
  
Mass of cylinder and oven-dried soil = 1455.6 g 
  
Mass of oven-dried soil  = 1001.7 g 
 
 
Table B3. Volume of tested sample in minimum dry density test 
 
Test No. Lower Bound (ml) Upper Bound (ml) Average (ml) 
1 620 690 655 
2 620 700 660 
3 610 690 650 
4 620 690 655 
5 610 680 645 
6 610 690 650 
7 620 700 660 
8 610 700 655 
9 620 700 660 
10 620 700 660 
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 Soil volume, V    = 660 ml =  660 cm3 
  
Minimum dry density, ρd,min  = 1.52 g/cm3 = 1517.73 kg/m3 
 Minimum dry unit weight, γd,min = 14.89 kN/m3 
 




Test method: BS 1377 : Part 7 : 1990 : 4 
 
 
Table B4. The dimensions of apparatus for direct shear test 
 
 Measurement  
 1 2 3 Ave.  Remark 
The inter length of the shear box (mm) 60.00 60.00 60.00 60.00 L = 60.00 mm
                
The overall depth of the shear box (mm) 50.30 50.10 50.30 50.23 B = 50.23 mm
                
The thickness of base plate (mm) 6.20 6.20 6.20 6.20 t1 = 6.20 mm
                
The thickness of grid plate 1 (mm)               
   (a) The thichness of the porous plate, p 2.30 2.30 2.30 2.30       
   (b) The width of the rib, q  1.20 1.15 1.20 1.18       
   (c) The height of the rib, r  1.20 1.10 1.20 1.17       
   (d) Number of ribs, n       12.5       
   (e) The length of the whole plate, l  59.65 59.70 59.65 59.67       
∴ The thickness of grid plate = p + (nqr/l)         t2,1 = 2.59 mm
                
The thickness of grid plate 2 (mm)               
   (a) The thichness of the porous plate, p  2.15 2.10 2.15 2.13       
   (b) The width of the rib, q  1.25 1.20 1.25 1.23       
   (c) The height of the rib, r  1.40 1.50 1.50 1.47       
   (d) Number of ribs, n       12.5       
   (e) The length of the whole plate, l  59.50 59.55 59.55 59.53       
∴ The thickness of grid plate = p + (nqr/l)         t2,2 = 2.51 mm
               
The thickness of porous stone 1 (mm) 6.65 6.65 6.65 6.65 t3,1 = 6.65 mm
                
The thickness of porous stone 2 (mm) 5.94 5.92 5.92 5.93 t3,2 = 5.93 mm
                
The thickness of filter paper (mm) 0.25 0.25 0.25 0.25 t4 = 0.25 mm
                
























Figure B3. Calibration curve of proving ring used in direct shear test 
 
 































Figure B4. Result from direct shear test for sandy soil 
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Figure B5. Coulomb envelope from direct shear test for sandy soil 
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Appendix C: Residual Soil Characterization 
 
 
In this section, the detailed results of the classification and properties tests of the 
residual soil are presented. Included here are: 
(1) In-situ soil moisture content 
(2) In-situ soil density 
(3) Particle density 
(4) Particle size distribution 
(5) Maximum dry density  
(6) Minimum dry density 
(7) Internal angle of friction and cohesion 
(8) Liquid limit 
(9) Plastic limit 
(10) Plasticity and liquidity indexes 
 
(1) Determination of In-situ Soil Moisture Content using Oven Drying Method 
  
Test method: BS 1377 : Part 2 : 1990 : 3.2 
 
 
Table C1. In-situ moisture content of residual soil 
 
Sample No. 1 2 3 
Specimen No. 1 2 1 2 1 2 
Mass of container (g) 9.67 16.03 9.67 9.92 6.42 6.41 
Mass of container and wet soil (g) 40.92 58.14 41.73 42.79 43.01 43.37
Mass of container and dry soil (g) 36.51 51.72 37.37 38.57 37.76 37.61
Mass of water content (g) 4.41 6.42 4.36 4.22 5.25 5.76 
Mass of dry soil (g) 26.84 35.69 27.70 28.65 31.34 31.20
Moisture content (%) 16.43 17.99 15.74 14.73 16.75 18.46
Average moisture content (%) 17.21 15.23 17.61 
 





(2) Determination of In-situ Soil Density 
 
 
Table C2. In-situ density of residual soil 
 
Sample No. 1 2 3 
Height of of split mould (mm) 76 76 76 
Diameter of of split mould (mm) 38 38 38 
Volume of split mould (m3) 8.61927E-05 8.61927E-05 8.61927E-05 
Mass of split mould (g) 475.24 474.13 475.32 
Mass of split mould and wet soil (g) 637.04 634.64 641.13 
Mass of wet soil (g) 161.8 160.51 165.81 
Bulk density (kg/m3) 1877.19 1862.22 1923.71 
Dry density (kg/m3) 1601.56 1616.09 1635.67 
Bulk unit weight (kN/m3) 18.42 18.27 18.87 
Dry unit weight (kN/m3) 15.71 15.85 16.05 
 
∴ Average dry density   = 1617.77 kg/m3  
      
Average dry unit weight  = 15.87 kN/m3 
 
 
(3) Determination of particle density by Small Pyknometer Method 
  
Test method: BS 1377 : Part 2 : 1990 : 8.3 
 
 
Table C3. Particle density of residual soil 
 
Specimen No.   Unit 1 2 3 
Mass of bottle m1 g 39.88 36.17 35.22 
Mass of bottle + soil m2 g 49.88 46.17 45.22 
Mass of bottle + soil + water m3 g 145.90 142.18 141.32
Mass of bottle full of bottle m4 g 139.51 135.78 134.93
Mass of soil m2 - m1 g 10.00 10.00 10.00 
Mass of water used m3 - m2 g 96.02 96.01 96.10 
Mass of water in full bottle m4 - m1 g 99.63 99.61 99.71 
Volumn of soil particle  (m4 - m1)-(m3 - m2) mL 3.61 3.60 3.61 
Particle density  ρs Mg/m3 2.77 2.78 2.77 






(4) Determination of Particle Size Distribution 
 
(a) Dry Sieving Test 
 
Test method: BS 1377 : Part2 : 1990 : 9.3 
 
  Total mass of dry sample = 100.0 g 
 
 
Table C4. Particle size distribution of sandy soil sample from dry sieving 
 
Sieve Mass Retained (g) % Retained % Passing 
28 mm 0.00 0.00 100.00 
14 mm 9.82 9.82 90.18 
10 mm 13.17 13.17 77.01 
6.3 mm 11.87 11.87 65.14 
5 mm 1.14 1.14 64.00 
3.35 mm 0.99 0.99 63.01 
2 mm 0.68 0.68 62.33 
1.18 mm 2.24 2.24 60.09 
600 μm 4.19 4.19 55.90 
425 μm 2.68 2.68 53.22 
300 μm 2.80 2.80 50.42 
212 μm 3.16 3.16 47.26 
150 μm 2.58 2.58 44.68 
63 μm 7.43 7.43 37.25 
Pan 0.09 0.09  
Total 62.84   
 
 
(b) Hydrometer Sedimentation Test 
 
 
Table C5. Calibration data for hydrometer sedimentation test 
 
Hydrometer no. K2479 
Meniscus correction, Cm 0.5 
Reading in dispersant, Ro' 3.5 
Calibration equation, Hr   194.23 – 3.7679Rh 
Dry mass of soil, m (g) 100 
Particle density, ρs (Mg/m3) 2.77 
Viscosity of water at 24°C, η (Mpa.s) 0.913 
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Calibration of Hydrometer K2479














Figure C1. Calibration curve for hydrometer K2479 
 
 
Table C6. Particle size distribution from hydrometer sedimentation test 
 
Time Elapsed TemperatureReading Rh' + Cm Effective Particle  Rh' + Ro' Percentage 
  time T (°C) Rh' ⇒  Rh depth diameter ⇒  Rd finer than D 
  t (min)       Hr (mm) D (μm)   K (%) 
1430 0.5 24 26.0 26.5 94.38 54.58 22.5 35.21 
1431 1 24 23.5 24 103.80 40.47 20 31.30 
1432 2 24 22.5 23 107.57 29.13 19 29.73 
1434 4 24 21.0 21.5 113.22 21.13 17.5 27.39 
1438 8 24 19.5 20 118.87 15.31 16 25.04 
1445 15 24 17.5 18 126.41 11.53 14 21.91 
1500 30 24 15.5 16 133.94 8.39 12 18.78 
1530 60 24 13.0 13.5 143.36 6.14 9.5 14.87 
1630 120 24.5 11.0 11.5 150.90 4.45 7.5 11.74 
1830 240 24.5 9.0 9.5 158.43 3.23 5.5 8.61 
2230 320 24 7.5 8 164.09 2.84 4 6.26 































Figure C2. Particle size distribution curve of sandy soil sample 
 
 
(5) Determination of Maximum Dry Density for Residual Soil by Standard 
Compaction Test 
  
Test method: ASTM D698 Method B 
 
 Average diameter of mould = 99.73 mm 
  
Average height of mould = 127.23 mm 
  
Volume of compaction mold = 0.000994 m3 
  
Mass of compaction mold = 6.4965 kg 
 
 
Table C7a. Maximum dry density of sandy soil for Test 1 to 4 (Part 1) 
 
Test No. 1 2 3 
Selected water content (%) 10 12 14 
Mass of compaction mold and moist specimen (kg) 8.3921 8.4700 8.5268 
Mass of moist specimen (kg) 1.8956 1.9735 2.0303 
Average water content (%) 10.24 12.59 13.92 
Moist density of compacted specimen, ρb (kg/m3) 1907.11 1985.48 2042.63
Dry density of compacted specimen, ρd (kg/m3) 1729.93 1763.49 1792.97
Dry unit weight of compacted specimen, γd 
(kN/m3) 





Table C7b. Maximum dry density of sandy soil for Test 1 to 4 (Part 2) 
 
Test No. 4 5 6 
Selected water content (%) 17 18 20 
Mass of compaction mold and moist specimen (kg) 8.5752 8.5574 8.4979 
Mass of moist specimen (kg) 2.0787 2.0609 2.0014 
Average water content (%) 15.53 17.90 21.68 
Moist density of compacted specimen, ρb (kg/m3) 2091.32 2073.41 2013.55
Dry density of compacted specimen, ρd (kg/m3) 1810.15 1758.61 1654.84
Dry unit weight of compacted specimen, γd 
(kN/m3) 
17.76 17.25 16.23 
 
 



























Figure C3. Compaction curve for residual soil 
 
 
(6) Determination of Minimum Dry Density for Residual Soil 
  
Test method: ASTM D4254 Method C 
 
 Mass of cylinder    = 453.9 g 
  
Mass of cylinder and oven-dried soil = 1453.9 g 
  





Table C8. Volume of tested sample in minimum dry density test 
 
Test No. Lower Bound (ml) Upper Bound (ml) Average (ml) 
1 940 910 925 
2 920 880 900 
3 930 910 920 
4 920 900 910 
5 930 910 920 
6 940 880 910 
7 940 910 925 
8 930 900 915 
9 930 910 920 
10 940 890 915 
11 940 900 920 
 
 Soil volume, V    = 925 ml =  925 cm3 
  
Minimum dry density, ρd,min  = 1.08 g/cm3 = 1081.08 kg/m3 
  






























(7) Determination of Internal Angle of Friction and Cohesion by Direct Shear 
Test 
  
Test method: BS 1377 : Part 7 : 1990 : 4 
 
 
Table C9. The dimensions of apparatus for direct shear test 
 
 Measurement  
 1 2 3 Ave. Remark 
The inter length of the shear box (mm) 60.00 60.00 60.00 60.00 L = 60.00 mm
                
The overall depth of the shear box (mm) 50.30 50.10 50.30 50.23 B = 50.23 mm
                
The thickness of base plate (mm) 6.20 6.20 6.20 6.20 t1 = 6.20 mm
                
The thickness of grid plate 1 (mm)               
   (a) The thichness of the porous plate, p 2.30 2.30 2.30 2.30       
   (b) The width of the rib, q  1.20 1.15 1.20 1.18       
   (c) The height of the rib, r  1.20 1.10 1.20 1.17       
   (d) Number of ribs, n       12.5       
   (e) The length of the whole plate, l  59.65 59.70 59.65 59.67       
∴ The thickness of grid plate = p + (nqr/l)          t2,1 = 2.59 mm
                
The thickness of grid plate 2 (mm)               
   (a) The thichness of the porous plate, p  2.15 2.10 2.15 2.13       
   (b) The width of the rib, q  1.25 1.20 1.25 1.23       
   (c) The height of the rib, r  1.40 1.50 1.50 1.47       
   (d) Number of ribs, n       12.5       
   (e) The length of the whole plate, l  59.50 59.55 59.55 59.53       
∴ The thickness of grid plate = p + (nqr/l)         t2,2 = 2.51 mm
               
The thickness of porous stone 1 (mm) 6.65 6.65 6.65 6.65 t3,1 = 6.65 mm
                
The thickness of porous stone 2 (mm) 5.94 5.92 5.92 5.93 t3,2 = 5.93 mm
                
The thickness of filter paper (mm) 0.25 0.25 0.25 0.25 t4 = 0.25 mm
                

























Figure C4. Calibration curve of proving ring used in direct shear test 
 
 






























Figure C5. Result from direct shear test for residual soil 
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(8) Determination of Liquid Limit by Cone penetration Method 
 Test method: BS 1377 : Part 2 : 1990 : 4.3 
 
Table B10. Determination of liquid limit of residual soil 
 
Test Number 1 2 3 
Cone Penetration (mm) 17.53 20.71 21.38 
Container No C9 C8 C2 E1 C10 E0509 
Wet Soil and Container (g) 60.93 74.13 75.25 63.23 86.97 69.60 
Dry Soil and Container (g) 49.31 58.89 59.32 50.85 68.01 55.27 
Container (g) 19.05 19.39 18.83 19.07 19.43 18.93 
Dry Soil (g) 30.26 39.50 40.49 31.78 48.58 36.34 
Moisture Loss (g) 11.62 15.24 15.93 12.38 18.96 14.33 
Moisture Content (%) 38.4 38.6 39.3 39.0 39.0 39.4 
Average of M.Content (%) 38.5 39.1 39.2 
 
 



























Figure B7. Liquid limit of residual soil 
  
 




(9) Determination of Plastic Limit  
 Test method: BS 1377 : Part 2 : 1990 : 5.3 
 
 
Table B11. Determination of plastic limit of residual soil 
 
Test Number 1 2 3 4 
Container No 16 1A-PP2 15 1A-R21 
Wet Soil and Container (g) 22.08 21.87 21.79 22.48 
Dry Soil and Container (g) 21.59 21.38 21.47 22.03 
Container (g) 18.89 18.96 19.59 19.63 
Dry Soil (g) 2.7 2.42 1.88 2.4 
Moisture Loss (g) 0.49 0.49 0.32 0.45 




∴ Plastic limit of residual soil = 19 % 
 
 
(10) Determination of Plasticity Index and Liquidity Index 
 Reference: BS 1377 : Part 2 : 1990 : 5.4 
 
  
Liquid limit, wL  = 39 % 
Plastic limit, wP  = 19 % 
In-situ moisture content, wa = 16.68 % 
 Plasticity index, IP  = wL – wP 
     = 20 % 




ww −   





Appendix D: Technical Data for Polyfelt PEC and TS  
       Geotextiles 
 
 





Figure D1. Technical data for Polyfelt Rock PEC high strength geotextiles 
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Figure D2. Technical data for Polyfelt TS non-woven geotextiles 
Appendix D 
 339









Appendix E: Instrumentations of Large-Scale Model      
                       Tests  
                        








































































Figure E2. Plan of locations of linear variable displacement transducers (LVDTs) used 


























Figure E3. Plan of locations of additional linear variable displacement transducers 
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Figure E4. Plan of locations of linear variable displacement transducers (LVDTs) used 


























Figure E5. Plan of locations of linear variable displacement transducers (LVDTs) used 
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Locations of total pressure cells


















































































































































































































Figure E12. Plan and cross-sections of locations of total pressure cells used in Test 9 
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Test 1 - Upper Geotextile
 












































Test 1 - Lower Geotextile
 









































STEEL DOOR 2 B
Reinfocement Direction
Test 2 - Upper Geotextile
 









































Test 2 - Lower Geotextile
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STEEL DOOR 2 B
Reinfocement Direction
Test 3 - Upper Geotextile
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Figure E21. Plan of locations of strain gauges on upper geotextile used in Test 7 
 









































































































































Test 8 - Lower microgrid
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Figure E25. Plan of locations of strain gauges on microgrid used in Test 9 
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Appendix F: Calibration of Strain Gauges Used in     





The wide-width tensile test was conducted in order to calibrate strain gauges that 
attached on geotextile for the 5 experiments of series 1. The test was conducted by 
referring to the procedures that mentioned in ISO 10319. In this section, the graphical 
plots for the test results will be presented as listed below.  
 
1) The relationship between global strain measured by video extensometer and 
local strain measured by attached strain gauge for machine direction of 
PEC75. 
 
2) The relationship between applied tensile force and local strain measured by 
attached strain gauge for machine direction of PEC75. 
 
3) The relationship between global strain measured by video extensometer and 
the local strain measured by attached strain gauge for cross-machine 
direction of PEC75. 
 
4) The relationship between applied tensile force and local strain measured by 









Figure F1. The relationship between global strain and local strain for machine 
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Figure F3. The relationship between global strain and local strain for cross-machine 





Figure F4. The relationship between tensile force and local strain for cross-machine 
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Average CF = 0.7765
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Appendix G: MATLAB Program for Geosynthetic  
Selection Design Chart 
 
 
MATLAB program: Relations between T, fmax/s, σs and J for a horizontal 




         
        S=1.2 ; 
        a=0.21 ; 
        gamma=19 ; 
        Tu=89 ; 
        epsilon=13 ; 
         
        Sc=S-a;  
        Hmin=S/sqrt(2); 
        Cc=1.95*(Hmin/a)-0.18; 
        Ab=S^2-a^2; 
        Wt=((Hmin*Sc*Sc*gamma)-(((Cc*a/Hmin)^2)*a*a*Hmin*gamma))/Ab; 
        n=size(fmax,1);  
        fc=zeros(n,1); 
                
        for i=1:n 
        ft = Sc/(4*fmax(i)) ; fs = ft^2 ; 
        fct=Wt*Sc*sqrt(1 + fs )*(epsilon/Tu)-((sqrt(1+1/fs)+ft*log(1/ft+sqrt(1+1/fs))-   
2)*100); 
        fc(i)=abs(fct); 
        end 
         
        [minval,idx]=min(fc); 
        fmx=fmax(idx)*1000; 
         
        Tmax=0.5*Wt*Sc*sqrt(1+(Sc^2/(16*((fmx/1000)^2)))) 
        emax=Tmax*epsilon/Tu 
        WtSc=Wt*Sc 
         
        format short g 
        A=[100,7]; 
        
A(:,1)=S(:);A(:,2)=Sc(:);A(:,3)=Wt(:);A(:,4)=WtSc(:);A(:,5)=fmx(:);A(:,6)=Tmax(:);A
(:,7)=emax(:); 
        save('n:\Hung Leong IV\Matlab\A.asc','A','-ASCII') 
 
 
